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Abstract
Anaerobic digestion (AD), by its simultaneous provision of sustainable energy generation and means
of recycling organic material, is a technology integral to the successful implementation of the circular
economy. As a sustainable biogas technology, AD provides a broad range of benefits encompassing
waste treatment, environmental protection, increasing the economic value of otherwise low-value
material as well as the production of electricity, heat and of advanced gaseous biofuels. While
AD is widely applied in industry to treat organic waste, there exists a strategy to increase biogas
production whilst leveraging existing AD infrastructure through co-digestion. Anaerobic co-digestion
(AcoD) involves the simultaneous anaerobic digestion of two or more biodegradable waste streams.
Whilst AcoD offers great potential for enhanced methane production, incompatible substrates or the
overdosing of co-substrates can lead to process failure; however, dosage strategies can be managed to
avoid organic overloading and the subsequent process failure.
Temperature is known to significantly impact the biochemical and physio-chemical processes involved
in AD. Whilst most digesters are controlled at mesophilic (37°C) or thermophilic (55°C) tempera-
tures, other AD systems - such as covered anaerobic lagoons - are operated at ambient temperature
conditions and can be subject to seasonal variations of up to 20°C. Few studies have been conducted
at psychrophilic temperatures; understanding the impact of temperature on co-digestion capacity is,
therefore, vital to inform seasonal dosage strategies for these ambient AD systems.
An understanding of the temperature dependency of co-digestion required the investigation of the
impact of operating temperature on long-term anaerobic digestion performance, metabolic activity
rates, and microbial composition of different feedstocks. Four bench-scale continuous digesters, of
which two treated mixed sewage sludge (SS) and two treated pig manure (PM), were operated at 1-1.5
gVS L-1 d-1 for over 600 days and transitioned through three operating temperature regimes (37°C,
25°C and 15°C, each greater than 100 days). Minimal change in operational performance was observed
between 37°C and 25 °C for both the SS and PM systems; however, at 15°C, process stability and
performance of both systems was greatly reduced due to slower process kinetics and reduced substrate
degradability. The PM system experienced greater process instability than the SS system at 15°C
due, in part, to higher degradable OLR and a greater imbalance between upstream and downstream
metabolic activity levels.
Characterisation of metabolic activity rates were performed using batch activity tests with model
substrates and temperature adapted inoculum sourced from the bench scale continuous digesters. The
metabolic activity rates measured for the SS and PM systems at 37, 25 and 15°C were hydrolysis of
cellulose, gelatin, and oleic acid; fermentation of glucose and glycerol; degradation of propionate and
butyrate; and aceticlastic and hydrogenotrophic methanogenesis. The balance between upstream and
downstream process rates was impacted by feedstock, with SS and PM systems displaying different
activity profiles. Whilst all metabolic process kinetics reduced at lower operating temperature, the
relative changes in activity profile measured at 37, 25 and 15°C were different between the SS and PM
systems. Propionate and long chain fatty acid (LCFA) degradation were identified as limiting process
rates in both feedstock systems at all operating temperatures. Further, acetogenesis was identified as
the metabolic step most sensitive to temperature changes due to microbial shifts and the temperature
dependency of thermodynamic constraints.
Ratios of upstream to downstream metabolic process rates can provide insight into the level of
process risk and potential bottlenecks in the AD process. In the SS system, the higher rate of protein
degradation relative to the rate of downstream acetogenesis and methanogenesis indicated high process
risk for protein-based substrates at all temperatures; similarly, the process risk for carbohydrate-
based substrates in the SS system increased as operating temperatures decreased. The PM system,
comparatively, displayed balanced process rates at 37 and 25°C; however, at 15°C, the balance of the
PM system became severely downstream limited, identifying propionate degradation as a potential
bottleneck in the AD process. This imbalance in upstream and downstream metabolic rates for the
PM system at 15°C correlated with both increased propionate accumulation in the PM continuous
digesters and increased imbalance between relative abundance of fermenters and acetogens within the
microbial community.
Three modifications were made to the ADM1 model to simulate operations at psychrophilic tempera-
tures: (i) temperature was altered to be a function of time; (ii) uptake rates for each metabolic step
were altered to be a function of temperature through the inclusion of an additional inhibition factor
based on experimental batch activity data; and (iii) biomass decay was altered to be a function of
temperature. A comparison of the modified ADM1 model and experimental data for the SS and PM
systems revealed that batch kinetic rates using well-adapted inoculum could improve the utility of
ADM1 to describe continuous process performance at psychrophilic temperatures.
An analysis of the relationship between continuous reactor process performance and microbial commu-
nity dynamics revealed that process stability could not be correlated with phylogenetic diversity but,
rather, the symbiotic activities and balance between different trophic groups (fermenters, acetogens
and methanogens). The comparison of SS and PM systems found feedstock to be a greater determinant
for microbial community structure than temperature in the range 15-37°C. Differences in feedstock
type explained 47% of microbial community variance compared to differences in temperature, which
explained 16% of such variance. In both feedstock systems, the reduction in temperature resulted in
greater microbial shifts in the bacterial population than the archean population with a single dominant
Methanosaeta strain, an obligate acetoclastic methanogen, present in both SS and PM systems at all op-
erating temperatures. This suggests that acetoclastic methanogenesis was the dominant methanogenic
pathway regardless of feedstock or operating temperature for systems operating at low organic loading
and mesophilic-psychrophilic conditions. Carbon and hydrogen isotope fingerprinting supported this
finding, with acetoclastic methanogenesis being indicated as the dominant methanogenic pathway at
both mesophilic and psychrophilic operating temperatures.
The relative contribution of microbial community dynamics, mass transfer rates, thermodynamics, and
chemical equilibrium to the reduction of metabolic kinetics at psychrophilic temperatures was explored.
For hydrolytic reactions, feedstock-dependent microbial shifts and digestion pathways exhibited the
largest change with decreasing temperature; however, acetogenic reactions are strongly inferred to
be more greatly influenced by changes in thermodynamic constraints with temperature. Further, for
acetoclastic methanogenesis, the lower methanogenic activity at 15°C is also strongly inferred to be
attributed to mass-transfer limitations with decreases in acetate diffusivity and increases in product gas
(H2) solubility being the most significant changes with decreasing temperature.
Process capacity and the ratio of upstream to downstream metabolic process kinetics were found to
influence co-digestion capacity. The highest co-substrate loadings were identified for AcoD systems
which co-digested feedstocks with complementary digestion pathways, degradation kinetics that did
not exceed the capacity of the rate-limiting metabolic step, and which possessed sufficient alkalinity
and nutrients in the combined mixture to promote a balanced microbial community. At all operating
temperatures (37, 25 and 15°C), SS had a higher capacity for co-digesting food waste (FW) compared
to glycerol (GLY) due to FW having slower digestion kinetics and a greater diversity of degradation
pathways not leading to the rate limiting metabolic step of propionate degradation. GLY co-digestion
capacity reduced at lower temperatures due to increased imbalance between relative kinetic rates of
GLY fermentation and propionate degradation at psychrophilic temperatures.
Comparing the GLY co-digestion capacity of SS, PM and cattle slaughterhouse wastewater (SHW) AD
systems at 37°C, the greatest amount of GLY (130% additional VS) was able to be co-digested with
PM, followed by SS (100% additional VS) and the lowest loading observed for SHW (60% additional
VS). GLY degrades primarily into propionate; accordingly, co-digestion capacity was governed by:
(i) fraction of base substrate degraded through propionate producing pathways and rate of propionate
production from base substrate digestion; (ii) fraction of GLY degrading through propionate producing
pathways and rate of propionate production from GLY digestion; (iii) propionate degradation capacity
of the inoculum; and (iv) system buffer capacity (alkalinity) to deal with propionate accumulation. The
high GLY co-digestion capacity of the PM system can be attributed to the slow digestion kinetics, low
biodegradability and high alkalinity of the PM in combination with balanced upstream and downstream
microbial capacity of the PM-adapted inoculum.
At full-scale, AcoD is an effective strategy to boost biogas production and increase energy self-
sufficiency. A case study of Gru¨neck WWTP revealed that co-digesting food waste at 0.24 kgVS
m-3 d-1 energetically outweighed downstream impacts of reduced dewaterability, increased solids
accumulation and nitrogen backload. Food waste co-digestion achieved a net increase in energy
production of 4.6 kWh PE-1 d-1 and improved energy self-sufficiency by 16%. Co-digestion, combined
with reducing energy consumption through aeration upgrades (3.0 kWh PE-1 a-1, 8% increase in
self-sufficiency), enabled Gru¨neck WWTP to increase energy self-sufficiency from 64% to 88%.
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Anaerobic digestion (AD) is a series of biochemical processes mediated by a consortia of micro-
organisms which convert organic matter into biogas (CH4,CO2,H2,H2S) under anaerobic conditions,
often leaving solid or liquid organic residues [12]. The produced biogas has the potential to be used
for on-site heat and power generation [13–15]. AD is widely applied to treat municipal and industrial
organic waste streams including food processing wastes [16–20], agricultural wastes [21–27] and
sewage sludge [28–32].
Anaerobic co-digestion (AcoD) involves the simultaneous anaerobic digestion of two or more waste-
streams [33]. AcoD may offer financial benefits through increased methane production, leveraging of
existing anaerobic digestion facilities and increased income through waste import levies. Additionally
AcoD diverts waste streams away from landfill and towards renewable energy production by enabling
digestion of waste streams which may not be feasible in a standard mono-digestion process [32, 34].
Furthermore AcoD can improve process stability of some processes by diluting inhibitory compounds
and/or improving the moisture and nutrient balance [34]. Additionally, the diversification of feedstock
associated with AcoD creates a more versatile and robust microbial community able to withstand
a wider range of operation conditions or process disturbances [34–37]. There are however process
risks associated with overdosing of co-substrates which can lead to process inhibition, reduced gas
production and process failure [38]. Therefore, dosage strategies are critically important for the
successful operation of AcoD.
Previous research and industrial experience has shown that operating conditions directly impact
the stability of the AD process due to their effect on microbial community diversity, process rates
and tolerance of inhibitory compounds [36, 39–42]. Treatment time, temperature, pH and oxygen
concentrations are examples of process conditions that strongly influence process performance. Of
these parameters, temperature is relatively easy to control and is known to have a strong impact on the
biological, chemical and physical processes involved in AD, making it one of the most determinant
1
2 CHAPTER 1. INTRODUCTION
operating parameters [43–46].
Anaerobic conversion of organic matter can occur in the temperature range of 5°C to 75°C [39]. The
operating temperature of industrial AD processes are categorised into three ranges: psychrophilic
(10-30°C); mesophilic (30-40°C) and thermophilic (40-70°C) [2]. Whilst some digesters are controlled
at mesophilic (37°C) or thermophilic (55°C) temperatures, other AD systems such as covered anaerobic
lagoons are operated at ambient temperature conditions and can be subjected to seasonal variations
of up to 20°C. Therefore when proposing dosing rates of co-substrates, these seasonal changes in
operating temperature must be considered. Although many literature sources report that operating
temperature influences feedstock degradability and methane potential, currently, there has been very
little evaluation of co-digestion at temperatures other than 37°C and 55°C [35, 47–49]. This research
gap could increase the risk of co-digestion due to the broad range of anaerobic processes operating at
different temperatures.
Developing fundamental knowledge of how operating temperature, digester feedstock composition, and
anaerobic microbial community interrelate and affect AD process stability is required to successfully
mitigate potential process risks associated with AcoD
1.2 Thesis objective
This thesis aims to develop fundamental knowledge of factors influencing co-digestion capacity of
AD systems operating at mesophilic-psychrophilic temperatures. Specifically, the objective of this
thesis is to provide insight into the link between co-digestion capacity and the impact of feedstock and
temperature on microbial community composition and metabolic functional capacity. To achieve this
objective, this thesis integrates well-controlled long-term experiments (reactor operations), metabolic
rate evaluation (activity assays), microbial community profiling (16S rRNA gene sequencing) and
co-digestion capacity (biomethane potential assays). A secondary objective of this thesis is to quantify
the benefits and drawbacks of co-digestion at full-scale and evaluate the effectiveness of food waste
co-digestion as a strategy to achieve energy self-sufficiency at a wastewater treatment plant. This
secondary objective was achieved through a case study of Gru¨neck WWTP.
1.3 Organisation of the thesis
This thesis is organised in 10 chapters
• After this introductory chapter, relevant literature concerning anaerobic digestion, temperature-
dependency of process performance, and full-scale co-digestion case studies will be summarised
and discussed in chapter 2,
• Research objectives, based on the identified knowledge gaps in literature will be presented
together with a brief description of the research methodology in chapter 3,
• Chapter 4 describes the materials and methods applied, i.e. substances, experimental setups,
experiment protocol and analysis,
• Chapter 5 addresses RO 1 detailing the activity profiles for sewage sludge and pig manure
anaerobic systems operated at 37, 25 and 15 °C and modelling applications for using these
activity profiles to predict the continuous reactor performance of the bench-scale AD systems,
• Chapter 6 investigates factors governing metabolic rates at different temperatures exploring links
between microbial profile with functionality and process performance associated with RO 1,
• Chapter 7 presents the results of a co-digestion study of sewage sludge with food waste or
glycerol linked to RO 2 investigating the impact of temperature, co-substrate properties and
metabolic process kinetics on co-digestion capacity,
• Chapter 8 further investigates the role of substrate compatibility and metabolic process kinetics
in determining co-digestion capacity by presenting the results of a co-digestion case study of
glycerol with sewage sludge, pig manure or cattle slaughterhouse wastewater linked to RO 2,
• Chapter 9 addresses RO 3 detailing the benefits and drawbacks of food waste co-digestion and
its contribution to energy self-sufficiency at Gruneck WWTP, Germany,
• An overall conclusions based on the obtained results can be found in chapter 10, including
recommendations for future research,





The literature review is structured under three main sections and aims to summarise current knowledge
regarding temperature-dependency of the anaerobic digestion process as well as aspects relevant to
co-digestion.
• Section 2.1: Overall AD process: This section describes the metabolic steps involved in the
anaerobic digestion process.
• Section 2.2: Activity Profile: This section provides an overview on how temperature influences
the biochemical and physico-chemical processes involved in anaerobic digestion. Existing
knowledge about temperature-dependency of kinetics and microbial community structure under
psychrophilic, mesophilic and thermophilic regimes are presented. The structure of this section
is under the four metabolic steps: Hydrolysis; Acidogenesis; Acetogenesis and Methanogenesis.
• Section 2.3: :This section details previous co-digestion studies investigating the influence of
temperature on co-digestion capacity.
• Section 2.4: :This section details previous full-scale co-digestion studies at wastewater treatment
plants investigating the impact of food waste co-digestion on energy self-sufficiency and plant-
wide performance.
2.1 Anaerobic digestion process
Anaerobic digestion (AD) stands as a key biotechnology in the emerging circular economy due to its
capacity to convert organic waste into renewable biogas energy [50, 51]. AD is a complex biochemical
process where organic matter is degraded, in the absence of oxygen, into biogas (methane and carbon
dioxide), digestate (stabilised organic matter), and liquor (soluble undegraded organics). AD requires
the action of multiple trophic groups of microorganisms performing separate, but interdependent tasks
in the overall degradation process. AD is often represented using four key biological steps: hydrolysis,
acidogenesis, acetogenesis and methanogenesis [1].
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Hydrolysis
During hydrolysis, carbohydrates, proteins, and lipids are broken down into their monomers (i.e. sugars,
amino acids, and long chain fatty acids (LCFA)) in a process catalysed by extracellular enzymes,
traditionally grouped as cellulases, amylases, peptidases, and lipases depending on their function [52].
Acidogenesis/Fermentation
During acidogenesis, hydrolysis products are further converted into intermediate compounds such
as volatile fatty acids (VFA), alcohols, ketones, formate or hydrogen. Sugars and amino acids are
fermented while LCFA can only be anaerobically oxidised (mainly β -oxidation) in a syntrophic
relationship with hydrogen consumers. Fermentation is a redox process where the electron balance
is maintained by the generation of fermentation products, and wasted electrons end up producing
hydrogen (or formate) [53].
Acetogenesis/Secondary Fermentation
In acetogenesis, LCFA and intermediate compounds, other than acetate, are converted to acetate and
hydrogen. Acetogenesis is carried out through β -oxidation, where hydrogen (or formate) is both a
reaction product and reaction inhibitor; consequently, hydrogen concentration must be limited to low
levels for thermodynamic reaction feasibility. Therefore, this step is only possible through obligate
syntrophy between acetogenic bacteria and H2-consumers (i.e. methanogens, sulphate reducing
bacteria, and homoacetogens) [54, 55].
Methanogenesis
Methanogenesis is the final metabolic step in the anaerobic digestion process in which methane and car-
bon dioxide are formed through the conversion of intermediate products (acetate, formate, hydrogen,
carbon dioxide) by methanogenic archaea. There are two major pathways: aceticlastic methano-
geneis (AM) where acetate is cleaved to form methane and carbon dioxide; and hydrogenotrophic
methanogenesis (HM) where carbon dioxide is reduced using hydrogen as an electron donor [56, 57].
2.2 Temperature-dependency of AD process
2.2.1 Temperature-dependency of overall AD process
Temperature is a dominant operating parameter in AD influencing biochemical and physico-chemical
processes which affect process stability and performance outputs such as methane production [2]. The
impact of temperature on biochemical processes (such as the four microbial mediated metabolic steps;
enzymatic activity as well as microbial growth and decay) are displayed in Figure 2.1. Temperature-
dependent physico-chemical processes (for example chemical equilibriums, gas solubility, adsorption
of long-chain-fatty-acids and mass transfer rates) are also depicted in Figure 2.1. In general, physico-
chemical processes respond faster to temperature changes compared to biological processes.


































































8 CHAPTER 2. LITERATURE REVIEW
During AD, organic matter is converted into biogas (CH4,CO2,H2,H2S) and digested effluent via four
main biochemical processes: 1) disintegration and hydrolysis, 2) acidogenesis, 3) acetogenesis, and 4)
methanogenesis [1]. The first three metabolic processes are conducted by Bacteria and the final step,
methanogeneis, is governed by Archaea [34].The microbial community structure as well as microbial
yield and death rates are influenced by temperature [58]. Maintenance energy and cell lysis increases
with temperature causing thermophilic conditions to be characteristic of higher death rates, lower
microbial yields and also lower microbial diversity [3, 44, 59].
Figure 2.2: Relative growth rate of methanogens with temperature (source [3])
Figure 2.2 illustrates an example of the changes in growth rate and microbial population for methanogenic
Archaea. The optimal temperatures for psychrophilic, mesophilic and thermophilic methanogens are
approximately 18°C, 35°C and 55°C respectively [44]. Within the temperature range of a specific
trophic group, the growth rate increases exponentially with temperature until the optimum temperature,
after which the rate rapidly declines (refer Figure 2.2 .). A similar trend is observed for the specific
trophic group activity which is the sum of the most important catabolic reactions [3].
Temperature also regulates catabolic pathways due to changes in the free energy of reactions with
temperature [2]. This in addition to microbial population changes causes reaction rates, product yield
and reaction pathways to be temperature-dependant [42, 43, 60–62]. However it remains unclear
how grouped microbial functions change with temperature and how changes in microbial richness
corresponds to maintenance or loss in community metabolic functionality. This link is important to
understand how the capacity for co-digestion may change based on operating temperature
Section 2.2.2 - 2.2.5 will cover the models used for the individual metabolic processes in more detail,
however the overall AD process rate is often substrate-limited and can be modelled using first-order
kinetics as given in Equation 2.1 [63]. The Arrhenius equation (Equation 2.2) is often applied to model
temperature effects on the overall AD process reaction kinetics and has been applied successfully to
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AD processes under mesophilic and thermophilic conditions [60].







Where Bt is the methane potential at time t (ml CH4g−1V S ), B0 is the ultimate methane potential in (ml
CH4 g−1V S ), kh is the apparent hydrolysis rate coefficient (d
−1); t is time (day), A is the pre-exponential
factor; T is the temperature (K); EA is the activation energy (J mol−1); and R is the universal gas
constant (8.314 J mol−1K−1).
Many physico-chemical process involved in AD are impacted by temperature. Gas solubility of both
methane and carbon-dioxide decreases and gas transfer rates increase due to increases in diffusivity
with increasing temperature. These facts combined with higher activities and the properties of thermal
expansion mean that there is higher volumetric gas production at higher temperatures.
Whilst the temperature-dependency of biochemical and physicochemical processes involved in AD
is known, further research is required to understand how all these processes’ affect how substrate
digestion, methane potential and overall AD process performance change with temperature and to
capture how AcoD will be affected.
2.2.2 Hydrolysis
Hydrolysis is an extracellular processes that breaks down complex organic material into soluble
substrates [64]. Disintegration refers to composite organic material being broken down into particulate
carbohydrates, proteins, lipids and inert material such as during the lysis of bacterial cells. This process
is followed by hydrolysis which converts the products of disintegration (carbohydrates, proteins and
lipids (particulate or dissolved)) into simpler compounds (sugars, amino acids and long chain fatty
acids) that can cross the cell barrier and be metabolised by fermentative bacteria [1].
Cellulases, Xylanases and Amylases are the primary exo-enzyme groups which catalyse the hydrol-
ysis of carbohydrates into simpler sugars. Many of these enzymes have been classified within the
Carbohydrate-Active enZymes database (CAZy). A large variety of anaerobic bacteria present in
anaerobic digesters possess the ability to produce cellulases such as bacteria of the genera Acetivibro,
Bacteroides Bacillus, Butyrivibro, Clostridium, Fibrobacter, Rumminicoccus and Thermotoga.
Proteins are hydrolysed into amino acids by peptidases exo-enzymes and highly substrate specific.
Whilst research into peptidases is less extensive than cellulases, the MEROPS database details families
possessing proteolytic activity and have identified the following families Acetivibrio, Bacteroides,
Bifidobacterium, Butyrivibrio, Clostridium, Coprothermobacter, Peptostreptococcus and Thermotoga.
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Lipases are the primary exo-enzyme groups responsible for catalysing the hydrolysis of lipids into
glycerol, hydrogen and long-chain fatty acids (LCFAs) [2]. The Lipase Engineering Database (LED)
details bacteria with lipolytic activity and identified bacteria in the genera Bacillus, Dialister, Kyrpidia,
Pseudomonas, Staphylococcus and Syntrophomonas.
Overall hydrolysis is primarily a surface phenomenon carried out by extracellular enzymes produced
by fermentative bacteria [29]. Although microbial pyrosequencing results can be cross-referenced
with these enzyme databases to detail which fermentative bacteria have the potential for hydrolysis
in AD, without detailed mRNA analysis it is unclear if the activity is actually active in the bacteria.
Therefore there is a need for more research to expand the link between microbial structure and
microbial functionality and identify bacteria actually responsible for hydrolysis and how the dominant
genera changes with temperature.
Enzyme activity is greatly influenced by temperature. Figure 2.3 provides an example of the
temperature-dependency of activities of three homologous cellulases [4]. Each enzyme is influ-
enced by temperature differently and possesses a different optimum temperature. Similar to the
temperature-dependent trends of microbial growth, activities rapidly decrease when temperature is
increased beyond the optimum temperature for maximum activity. This suggests that there is no global
optimum where all enzymes will be acting at the maximum activity, every operating temperature will
result in some enzymatic reactions being sub-optimal.
Figure 2.3: Temperature dependence of the activities of three cellulases (source [4])
In addition to enzymatic activity, mass transfer rates in the bulk liquid determine the overall hydrolysis
rate also increase with temperature. Temperature impacts the physical form and structure of particulate
substrates as well as solubility and degree of available free accessible surface area to which the
extracellular enzyme or multi-enzyme complex can attach. enzymatic activity [52]. Whilst a number
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of studies have proposed that the rate of hydrolysis is mass transfer limited, the relative effect of
temperature on mass transfer compared to enzymatic activity and whether they contribute evenly or
one plays a dominant role in defining grouped behaviour remains unclear.
Whilst the rate of hydrolysis is related to the availability of free accessible surface area of the particles,
the overall structure of the solid substrate as well as the enzymatic activity, it is largely modelled
only considering the grouped behaviour [52]. For the anaerobic digestion of particulate or slowly
degradable materials, hydrolysis is often the rate limiting step and the kinetics of hydrolysis can be
represented by an empirical-based first-order equation (Equation 2.3) [44, 65].
rhydrolysis = khXsI (2.3)
Where rhydrolysis = kinetic rate of hydrolysis (kgCODm−3d−1), kh = first order hydrolysis coefficient (
d−1), Xs = particulate substrate concentration (kgCODm−3 ). I is an inhibition function
In general the rate of hydrolysis of carbohydrates (kh = 0.5–2.0 d-1) is faster than the hydrolysis of
proteins (kh = 0.25–0.8 d-1) which is again faster than the hydrolysis of fats (kh= 0.1–0.7 d-1) [65].
One of the key aspects attributing to the differences in hydrolysis rates between the different substrates
is the energy yield gained by the fermentative bacteria when metabolising the respective hydrolysis
products. Related biomass growth associated with carbohydrates, protein and fats is Y = 0.350, 0.205
and 0.038 gVSS gCOD-1 respectively [66].
Table 2.1: Composition and recorded first order coefficients for typical AD complex substrates
Component Primary Waste Municipal Meat Cattle Chicken
Sludge (PS) Activated Refuse Packing Manure Manure
Sludge Waste
(WAS)
% of dry matter VS 73-80 59-75 82 92 72 76
Lipids 10-21 5-12 6 55 3.5 1.5
Protein 17-29 32-41 6 30 19 29
Carbs 34-48 7 51-53 43 49
Cellulose 18-32 35-37 17 28
Hemicellulose 2.5 16 19 12
Lignin 14 7 9
First Order Hydrolysis Rate Kinetics
Psychrophilic 0.017 0.1
kh T=10°C T=15°C
Mesophilic 0.25 0.12 0.34 0.05 0.11
kh T=35°C T=35°C T=35°C T=35°C T=36°C
Thermophilic 0.4 0.18 0.13
kh T=55°C T=55°C T=55°C
Source [65, 67] [34, 68, 69] [70] [66, 71] [72–74] [75, 76]
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The composition of typical AD substrates and first order hydrolysis coefficients that have been recorded
in literature are detailed in Table 2.1. Only general trends can be deducted from this table due to the
fact that these values were taken from experiments conducted under different conditions including
temperature, substrate composition, different biomass to substrate ratios (ISR) and applied different
analytical procedures, such as lumped analysis of disintegration [66, 73]. In general it can be deduced
that the composition of the complex substrates influences the digestion kinetics and that different
substrates are affected by temperature differently. However additional research and a controlled study
is required to understand if a complex substrate acts as the sum of its parts and understanding the
temperature-digestion kinetics of carbohydrates, proteins and lipids can predict how the digestion of a
complex substrate will be affected by temperature.
Previous studies have demonstrated that temperature greatly influences hydrolysis kinetics with
elevated operating temperature enhancing the efficacy of the enzymatic process and mass transfer
rates [60, 65, 77, 78]. Table 2.2 details hydrolysis kinetics under psychrophilic, mesophilic and
thermophilic regimes and the Arrhenius relationship between the first order hydrolysis coefficient and
temperature given by previous authors [40, 60, 73]. The different activation energy values reported
between studies suggest that substrate composition also influences how the hydrolysis rate changes
with temperature.
2.2.3 Acidogenesis
Hydrolysis products (amino acids, simple sugars, long chain fatty acids (LCFAs)) diffuse through the
bacterial cell membrane and are subsequently fermented or anaerobically oxidized inside fermentative
bacteria during a fermentation process called acidogensis [1]. Products of acidogenesis include:
Volatile Fatty Acids (acetate, propionate, butyrate), H2, CO2, lactic acids, alcohols and ammonia [1].
The fermentation of sugars and amino acids into simpler products does not require an external electron
acceptor or donor and due to high free energy yields, these reactions engender higher biomass yields
compared to LCFA and they can occur at high hydrogen or formate concentrations [44]. The anaerobic
oxidation of LCFAs and alcohols requires an external electron acceptor and is therefore influenced by
the hydrogen and formate concentrations.
Acidogenesis is often the most rapid conversion step in AD and the gibbs free energy (∆GO) is
the highest of all anaerobic conversions resulting in high bacterial growth rates, bacterial yields and
conversion rates ( refer Table 2.3). A large group of hydrolytic and non-hydrolytic microorganisms able
to perform acidogenesis with approximately 1% of all known bacteria being facultative fermenters [1].
Acidogenesis is able to proceed at low pH, high temperatures and high organic concentrations [79].
In general simple sugar (i.e. glucose) degrading microbial communities have higher abundance
and phytogenic diversity as compared with fatty-acid utilizing microbial communities that are more
specialized to a few phylogenetic groups.
14 CHAPTER 2. LITERATURE REVIEW
Table 2.3: Acidogenesis reactions with sucrose at 25°C (Sourced from [1] )
∆ G°
(kJ mol-1)
Reaction T = 25 °C
Acetate C12H22O11+9H2O−→ 4CH3COO−+4HCO−3 +8H++8H2 -457.5
Butyrate C12H22O11+5H2O−→ 2CH3CH2CH2COO−+4HCO−3 +6H++4H2 -554.1
Propionate C12H22O11+3H2O−→ 2CH3COO−+2CH3CH2COO−+2HCO−3 +6H++2H2 -610.5
& Acetate
Operating temperature has been proven to be a dominant factor in altering the bacterial diversity
and shift in phylum dominance [6, 80–82]. Appendix Table A.1 and A.2 lists some of the identified
hydrolytic and fermentative bacteria present in AD systems at various operating temperatures [83, 84].
Many studies have analysed the shifts in microbial community structure when the operating temperature
is increased from mesophilic (37-38°C) to thermophilic temperatures (55°C) [59, 61, 85], however
studies of microbial shifts from mesophilic down to psychrophilic conditions are limited [6, 86].
Overall whilst microbial community structure shifts have been documented, how this translates to
changes in microbial function with temperature remains unclear and requires further research.
Table 2.4 summarises the shift in dominant phyla reported in literature between Psychrophilic,
mesophilic and thermophilic conditions. Bacteroidetes are reported to have a higher presence at
lower temperatures and are the dominant bacterial phyla at psychrophilic temperatures [6, 86] Bac-
teroidetes co-dominate with Firmicutes at neutral mesophilic conditions [85]. Firmicutes, however have
a greater tolerance to low pH and higher temperatures, tending to dominate the hydrolytic/acidogenic
process in thermophilic digesters [59, 87] or mesophilic digesters treating (highly biodegradable)
substrates such as organic fraction of municipal solid waste (OFMSW) or Fat Oil and Grease (FOG).
Table 2.4: Dominant Phyla reported in literature at each temperature regime
Phyla Psychrophilic Mesophilic Thermophilic
Temperatures Temperatures Temperatures
Bateroidetes Dominant Phyla Co-dominant Phyla
[6, 86] [6, 36, 59, 61, 85]
Firmicutes Co-dominant Phyla Dominant Phyla
[6, 59, 87] [61, 85]
Proteobacteria Relatively abundant
[59]
The kinetics of acidogenesis can be represented by an empirical-based monod equation [44, 65]. The
fermentation of sugars and amino acids is depends upon the pH conditions whereas the anaerobic
oxidation of long chain fatty acids is also influenced by the acetate as well as the hydrogen concentration.
Equation 2.4 represents the fermentation process of sugars and amino acids and Equation 2.5 presents
the anaerobic oxidation rate of long-chain fatty acids (LCFA).
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As a microbial process, fermentation is subject to inhibition from a number of environmental, chemical
or biological factors, kinetic models commonly applied to describe inhibition behaviour are presented
in Table 2.5. Inhibition by hydrogen and acetate affects the anaerobic oxidation of LCFA in a non-
competitive way [65]. The tolerated pH levels are lower for fermentation processes than for LCFA
anaerobic oxidation.








Where ri = kinetic rate of process i (kgCOD m-3 d-1), km,i = maximum specific growth rate ( kgCOD
kgCOD,i-1 d-1), Si = substrate concentration (kgCOD m-3), Ks = half saturation constant (kgCOD m-3), Xi
= biomass concentration (kgCOD,i m-3). I is an inhibition function as detailed in Table 2.5
Table 2.5: Equations for inhibition factors
Inhibition Factor Equation
Acetate Inhibition Factor Iac,i=
KI,ac, j
KI,ac, j +Sac
Hydrogen Inhibition Factor IH2,i=
KI,H2, j
KI,H2, j +SH2










Where KI,ac and KI,H2 are inhibition constants. A 50 % inhibition is reached if KI, j=Si. The square
functions for free ammonia and pH represents the strong increase of inhibition with increasing free
ammonia and decreasing acidic pH.
Studies investigating the effect of temperature on acidogenesis kinetics are limited. Ge et al [60]
assessed glucose fermentation in the range 38-70 °C using temperature adapted inoculum and recorded
comparable km coefficients across the temperature range ( 2, 1, 1, 0.7 and 1 d−1 respectively at 38, 55,
60, 65 and 70 °C). Overall the temperature-dependence of acidogenesis kinetics remains inconclusive.
Overall acidogenesis is the metabolic step with the highest activity, partially due to favourable
thermodynamics as well as diversity and abundance of fermentative bacteria. Whilst operating
temperature has been proven to be a dominant factor in altering the bacterial diversity and shifts in
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phylum dominance, no firm or quantitative correlation between temperature and specific acidogenic
activity has been established.
2.2.4 Acetogenesis
The acetogenic reactions involving the conversion of VFAs to acetate, hydrogen gas and carbon
dioxide rely on a syntrophic relationship between H2-producing acetogenic bacteria and H2-consuming
methanogenic archaea regulating the H2 level [1]. This relationship is crucial because acetogenic
reactions produce hydrogen and are thermodynamically unfavourable (positive Gibbs free energy) and
therefore will not occur under standard conditions [88].
In a properly functioning methane-producing AD system, the hydrogen partial pressure is usually
between 10-4 to 10-6 atm. At such low hydrogen concentration, the degradation of ethanol, butyrate
or propionate becomes exergonic and will yield energy for acetogens [1]. As given in Table 2.6, the
degradation of propionate with a Gibbs free energy of +76.1 (at 1 atm, 25 °C) is the least thermody-
namically favourable reaction of the short chain fatty acids and is therefore the most influenced by
changes in hydrogen concentration engendered by process disturbances [72].
Table 2.6: Gibbs Free Energy values for Propionate and Butyrate Oxidation at 25°C (1 atm, pH 7)
(Sourced [8])
∆ G°(kJ/mol)
Reaction T = 25 °C
Butyrate oxidation CH3CH2CH2COO−+2H2O−→ 2CH3COO−+H++2H2 +48.1
Propionate oxidation CH3CH2COO−+3H2O−→CH3COO−+HCO−3 +H++2H2 +76.1
To ensure this low level of hydrogen, acetogens grow in syntrophic communities of temperate aggrega-
tion (Figure 2.4) to ensure that the hydrogen is consumed immediately by the methanogens and that
substrate transfer is not limited [89]. In practice this condition is hard to control particularly during
anaerobic digestion of solid wastes. The conversion of VFAs is often rate limiting (potentially due to
mass transfer limitations of substrate/product transport through cell membranes) and propionate and
acetate accumulate in the anaerobic digester, even if the hydrogen partial pressure is low enough to
thermodynamically allow syntrophic oxidation of VFAs [90]. The rate of VFA conversion relies on the
metabolic interaction among fermenting bacteria, acetogenic bacteria and methanogenic archea [91].
Compared to fermentative bacteria, acetogens comprise only a small proportion of the bacterial
consortia and are a specific niche of bacteria possessing the ability to oxidize volatile fatty acids [90].
Appendix Table A.1 and A.2 detail acetogenic bacteria that have been documented in literature within
psychrophilic, mesophilic and thermophilic temperature regimes.
Regueiro et al [6] investigated the microbial community dynamics during a gradual and abrupt
temperature drop from 37°C down to 17°C. The relative accumulation of acetate, propionate, valerate
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Figure 2.4: Syntrophic relationship between Acetogenic bacteria and hydrogenotrophic methanogens
(Adapted from [5]) (Gibbs free energy values displayed are at standard conditions (25 °C, 1 atm, pH 7)
and butyrate as well as the change in biogas production during the temperature drop in the two
experiments are given in Figure 2.5. The temperature shock induced a greater accumulation of
acetate and propionate compared to butyrate and valerate. The sudden temperature shock led to greater
accumulation of propionate compared to the gradual temperature decrease and the reverse was observed
for acetate. Bacteria of the genera Clostridium, Lachnospiracae, Spirochaetes and Sedimentibacter
were identified as the key acetogens responsible the VFA degradation in both experiments. Overall the
accumulation of VFAs in Regueiro’s study illustrates that different trophic groups respond at different
rates to temperature changes and the balance of different trophic groups is affected by temperature.
In general, fermentive bacteria are more psychrotolerant compared to acetogens and aceticlastic
methanogens, however more detailed research is required to define how microbial community dynamics
and function change with temperature.
The population size and diversity of propionate degraders within a given microbial community has
been reported to be comparatively smaller compared to butyrate and acetate degraders, making pro-
pionate oxidising bacteria (POB) of particular interest when considering the relationship between
microbial diversity, thermal sensitivity and AD process stability [90]. Key POBs that are active in
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Figure 2.5: Change in relative VFA concentrations and biogas production for a gradual temperature
drop (Experiment 1) and an abrupt temperature drop (Experiment 2) for a system treating Pig Manure,
Fish Waste and Molasses residues. Sourced from [6]
both at pschyrophlic and mesophilic temperatures are Syntrophobacter [61, 92–94] and Smithella
genera [95–97] of the Proteobactera phylum as well as Pelomaculum genera [61] of the Firmicutes
phylum. Similar to fermentive bacteria, POB within the phylum Firmicutes (e.g. Pelotomaculum
thermopropionium) are dominant under thermophilic conditions [98]. Pelotomaculum schinkii sp.
nov of the Firmicutes phylum, was identified as the first true obligatory syntrophic POB co-cultured
with Methanospirillum hungatei to enable the degradation of propionate [99]. Another study con-
firmed that the Methanomicrobiales family was the hydrogenotrophic methanogens partners of the
Syntrophomonadaceae, a key genera of POB [100].
Syntrophic acetate oxidating bacteria (SAOs) are bacteria which poses the ability to oxidise acetate
via a syntrophic association with a hydrogenotrophic methanogens such as methanosarcina [88, 101].
A small number of genera of the phylum Firmicutes have been identified as mesophilic SAOs:
Clostridium ultunese [102], Syntrophaceticus schinkii and Tepidanaerobacter acetatoxydans [103].
Under thermophilic conditions the hydrogen partial pressure is increased and the SAO pathway
becomes more prevalent at thermophilic conditions. Thermacetogenium phaeum of the Firmicutes
phylum and Thermotoga lettinga of the Thermotogae phylum are dominate species for the SAO
pathway within the thermophilic microbial community [36, 104].
Substrates commonly in literature for activity testing in literature to represent the kinetics of acetogen-
esis are propionate and butyrate. Equation 2.6 illustrates the monod equation for anaerobic oxidation
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Figure 2.6: Comparison of temperature-dependence of butyrate and propionate degradation activities





Where ri = kinetic rate (kgCOD m-3 d-1), km,i= maximum specific growth rate (d-1), Si is the substrate
concentration (kgCOD m-3), Ks is the half saturation constant (kgCOD m-3), I = inhibition function as
given in Table 2.5.
The temperature-dependency of acetogenic reaction kinetics reported by previous studies have been
varied and often contradictory. Ge et al [60] assessed propionate uptake at 38, 55, 60, 65 and 70 °C
using temperature adapted inoculum and reported that the kpro values were statistically similar across
all temperatures at an approximate value of 0.5 d-1, equivalent to an apparent uptake rates km,pro 4
CODs CODX-1 d-1. A contributing factor to these results was the short SRT which could have caused
washout of acetogens and methanogens due to their lower growth rates.
However Van Lier et al [3,39], observed temperature-dependency in two studies comparing propionate
and butyrate degradation activities across mesophilic, thermophilic and psychrophilic temperatures
(refer Figure 2.6). Under psychrophilic temperatures the results suggested that propionate degradation
was more greatly impacted by temperature changes compared to butyrate [3]. Over the thermophilic
range both propionate and butyrate were affected by temperature with the optimum temperature
around 55-60°C [39]. The lower activity rates reported for propionate compared to butyrate could be
attributed to the fact that effective degradation of propionate requires a tight and balanced association
of acetogenic and methanogenic bacteria: for thermodynamic reasons such an association is even
higher for propionate oxidation than for butyrate [89].
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2.2.5 Methanogenesis
Methanogenesis is the final metabolic step in the anaerobic digestion process in which methane and
carbon dioxide are formed through the conversion of intermediate products (acetate, formate, hydrogen,
carbon dioxide) by methanogenic archaea. There are two major pathways: aceticlastic methanogeneis
where acetate is cleaved to form methane and CO2; and hydrogenotrophic methanogenesis where
carbon dioxide is reduced using hydrogen as an electron donor [1]. The Gibbs free energy for these
reactions are given in Table 2.7 [105].
Table 2.7: Gibbs Free Energy values for Aceticlastic and Hydrogentrophic Methanogenesis at 25°C
(1atm, pH 7) (Sourced [8])
∆ G°(kJ/mol)
Reaction T = 25 °C
Aceticlastic Methanogenesis CH3COO−+H2O−→CH44H+HCO−3 -31.0
Hydrogenotrophic Methanogenesis 4H2+HCO−3 +H
+ −→CH4+H2O -135.6
Methanogens are strictly anaerobic Archaea within the phylm Euryarchaeota [105]. In general, the
archaeal community is less abundant and less diverse compared to the bacterial community in anaerobic
digesters. There are two key categories of methanogenic Archaea: Aceticlastic methanogens which
cleave acetate and hydrogenotrophic methanogens which use H2 or formate as an electron carrier
to reduce CO2 and form methane. Due to the more favourable thermodynamics, there are naturally
more archaea identified as hydrogenotrophic methanogens compared to aceticlastic methanogens
[1]. Aceticlastic methanogens are comprised exclusively of the genus Methanosaeta whilst many
orders such as Methanobacteriales, Methanomicrobiales and Methanococcales have been classified as
hydrogenotrophic methanogens [2]. Archaea of the genus Methanosarcina can metabolise a variety of
substrates such as acetate, formate/hydrogen, methanol and is considered a mixotroph[2].
Table 2.8: Characteristics of Methanosarcina and Methanosaeta ( Source [9] )
Temperature pH Ammonia Acetate
range range threshold Sodium concentration
(°C) (mg L−1) (mg L−1) (mg L−1)
Methanosaeta 7-65 6.5-8.5 <3,000 <10,000 <3,000
Methanosarcina 1-70 5-8 <7,000 <18,000 <15,000
For stable AD systems operating at mesophilic conditions aceticlastic methanogenesis is the dominant
pathway with Methanosaeta generally being dominant for low concentrations of acetate (<0.2 g COD
L-1), VFA and low ammonia conditions. However in reactors with high ammonia (>1.7 g L-1) and
acetate concentrations (>0.6 g COD L-1), Methanosarcina or hydrogenotrophic Methanobacterials (
esp Methanoculleus species) normally dominate [36]. The greater tolerance of Methanosarcina spp
compared to Methanosaeta spp for ammonia, cations and VFA concentrations (refer Table 2.8) is
potentially due to their morphology [34]. The morphology of Methanosarcina spp and the fact that
they grow in aggregates and form irregular cell clumps might result in their increased tolerance to
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high concentrations of toxic ionic agents [61]. Methanosarcina has the ability to out-complete other
methanogens during both mesophilic and thermophilic conditions as well as acclimation phases due to
their flexibility in metabolism and special morphological characteristic [61]. Overall the aceticlastic
methanogen Methanosaeta Spp is known to be the most sensitive to disruptions, coupled with a slow
growth rate (doubling time = 5.8 d) it means that the health and performance of the methanogens
usually dictates that operating limits and stability of the AD process [100].
Appendix Table A.3 details methanogens that have been identified in literature to be present under
mesophilic and thermophilic conditions. Table 2.9 details the dominant methanogens and associated
methanogenic pathway reported in literature for the three temperature regimes
Table 2.9: Dominant Pathway and methanogens reported at psychrophilic, mesophilic and thermophilic
conditions
Psychrophilic Mesophilic Thermophilic
Dominant Hydrogenotrophic Aceticlastic Hydrogenotrophic
Pathway Methanogenesis Methanogenesis Methanogenesis
Dominant Methanosarcina Methanosaeta (AM) Methanosarcina
Order Methanomicrobiales Methanomicrobium (HM) Methanobacteriales
Sources [6, 106–108] [6, 87, 109, 110] [11, 101, 111, 112]
In psychrophilic anaerobic digestion systems, the hydrogenotrophic pathway is more favourable than
the acetoclastic one, primarily for thermodynamic reasons [107]. In Regueiro et al [6], the Archaeal
community showed a distinct shift from Methanosaeta dominance to Methanosarcina dominance in
response to the gradual temperature drop from 37 to 17°C and the biogas production was reduced
by 50%. The work of Collins et al [106] and Bialek et al [108] also points to the important role that
Methanomicrobiales communities play in low temperature anaerobic reactors.
Aceticlastic methanogenesis is the dominant pathway at stable mesophilic AD attributed to the domi-
nance of the strictly acetoclastic genus Methanosaeta [87, 109]. Mesophilic methanogenic community
are members of the order Methanosarcinales: with the acetoclastic methanogen [112]. Thermophilic
community usually favours hydrogenotrophic methanogens belonging to orders Methanobacteriales
and Methanomicrobiales, however Methanosarcina has also been reported to dominant the thermophilic
archaeal community [101, 111, 112]. Additionally due to the higher accumulation of intermediates and
high rates of degradation observed at elevated temperatures, thermophilic Methanosarcina increase
in abundance whilst Methanosaeta decrease/disappear in thermophilic digesters [11] The kinetics of
both aceticlastic and hydrogenotrophic methanogeneisis may be represented by the monod equation as












Where ri = kinetic rate (kgCOD m-3 d-1), kmax,i= maximum specific growth rate (d-1), Si is the substrate
concentration (kgCOD m-3), Ks is the half saturation constant (kgCOD m-3) ,Ii = inhibition function as
given in Table 2.5.
Previous studies reported in literature have obtained varied and contradictory results regarding the
temperature-dependancy of aceticlastic and hydrogenotrophic activity [3, 39, 60]. Van Lier et al
[3] assessed the acetate conversion of intact and crushed granular sludge over temperatures in the
thermophilic range. The maximum specific activity of the granular sludge was 2.26 and 2.71 gCOD
gVSS-1 d-1 at 45 °C and 55 °C respectively. In this study no clear correlation between activity and the
temperature was observed, however the inoculum was not acclimatised and only two relatively close
temperatures were evaluated.
Similarly, the study undertaken by Ge et al [60], reported statistical overlap in Km,ac and Ks,ac values
obtained for acetate methanogenesis. It was noted in the study that aceticlastic methanogenesis was not
enhanced at thermophilic temperatures and thus potentially indicated that methanogenesis became a
limiting factor at thermophilic conditions. Both residence time as well as temperature control microbial
population dynamics [58]. The fact that these results were derived using an inoculum with a short SRT
and not optimised for methanogen growth, emphasises the importance of using acclimated inoculum at
relevant HRT and temperature for batch testing.
The methanogenic activity of an AD system treating pig manure, fish waste and molasses residues
(60:20:20 COD basis) reduced by 74% (3.8 fold) (from 1.34 to 0.35 gCOD L-1 d-1) when the operating
temperature was reduced from 37 °C to 17 °C [6]. McHugh et al [113] reported a similar 2-4 fold
reduction in specific methanogenic activity when the operating temperature was reduced from 37 to
22°C in an AD system treating synthetic wastewater.
2.2.6 Optimal temperature and rate limiting step
Optimal temperature
Temperature influences each of the four metabolic process involved in AD. In general, all reactions
proceed at faster rates under higher temperatures, but all enzymes and micro-organisms have tempera-
ture optima and tolerance ranges below and above which substrate utilisation is slowed. Each of the
trophic groups is affected by temperature differently, potentially due to a plethora of reasons related to
thermodynamics, mass transfer rates and shifts in microbial community structure. Further research
is required to determine how changes in the balance of different trophic groups with temperature
influences microbial functionality and process performance.
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Figure 2.7: Relative activity of hydrolysis, acidogenesis, acetogenesis and methanogenesis under
thermophilic conditions
Figure 2.7 combines information from several literature sources to demonstrate the relative activity of
hydrolysis (cellulose enzyme activity), acidogenesis (glycose fermentation), acetogenesisis (propionate
oxidation) and methanogenesisis (acetate uptake) under mesophilic and thermophilic conditions. While
it is difficult to compare results from different sources, it is evident that the optimum temperature varies
for the different trophic groups required for stable AD. Therefore, the overall optimum temperature for
AD is not immediately clear and will depend on the balance between trophic groups. A controlled and
fundamental study is therefore required to understand how temperature affects the balance between
different functional groups and how this translates to overall digester performance and an optimal
operating temperature.
Rate limiting step
Studies have indicated that temperature impacts the rate limiting step. Whilst hydrolysis is often
reported as the rate limiting step for particulate substrates at mesophilic conditions, methanogenesis
can become the rate limiting step for soluble substrates. Interestingly, two studies have reported that
hydrolysis was the rate limiting step at 15 °C, however when the temperature was lowered to 10 °C –
methanogenesis became the rate limiting step [108, 114]. Similarly when the temperature is increased
to thermophilic conditions, methanogenesis becomes the rate limiting step [60].
Different substrates are affected by temperature different and this also impacts the rate-limiting step
of AD. A study by Li et al [115] compared mesophilic (37°C) and thermophilic (55°C) digestion for
waste activated sludge (WAS) and coffee. When comparing thermophilic to mesophilic conditions, it
was reported that the digestion rate and methane production increased by 36-48% for WAS, however
decreased by 65-76% for raw coffee. In this study, based on the maximum reaction rate (Rmax) of each
anaerobic stage obtained from the modified Gompertz model, acetogenesis was found to be the rate-
limiting step for coffee grounds and WAS under thermophilic conditions. However under mesophilic
conditions hydrolysis and acidogenesis were reported to be the rate-limiting step for WAS and coffee
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respectively.
Overall whilst it is known that temperature influences the activity rates of the different trophic groups,
further research is required to understand how temperature-dependent microbial changes affect the
balance between trophic groups, change microbial functionality and influence activity rates.
2.3 Temperature-dependency of co-digestion
Anaerobic co-digestion (AcoD) involving the simultaneous digestion of multiple waste materials is an
effective technique to leverage existing infrastructure and maximise methane production from organic
waste. Whilst many AD systems are temperature controlled at mesophilic conditions (33-37°C), others
operate under ambient conditions and are subject to seasonal temperature variations of up to 20°C. To
date there is limited AcoD research at temperatures other than 37°C. Temperature is a key determinant
for anaerobic process therefore understanding the temperature-dependency of co-digestion operations
is of critical importance for informing dosing strategies to ensure optimum performance in all seasons
for ambient anaerobic digesters.
Previous studies investigating the impact of temperature on co-digestion have mostly been conducted
at mesophilic-thermophilic temperatures. Cavinato et al [23] compared the co-digestion of sewage
sludge with biowaste at 37 and 55°C at both pilot and full-scale and reported increased co-digestion
capacity for thermophilic AD. In contrast, Montan˜e´s et al [47], reported lower co-digestion capacity at
thermophilic 55°C compared to mesophilic 37°C for co-digestion of sewage sludge with sugar beet
pulp lixiviation. The contrasting behaviour of these two case-studies demonstrates that different co-
substrates are affected by temperature differently. Further research is therefore required to understand
the underlying mechanisms limiting co-digestion of different substrates at different temperatures and
expand existing knowledge to psychrophilic temperatures.
Psychrophilic co-digestion studies documented in literature have mostly focused on household low
cost digesters investigating a single co-digestion loading at different controlled temperatures, or studies
monitoring field-scale digestion subject to uncontrolled seasonal fluctuations in temperature [116,117].
Ren et al [116] studied the codigestion of pig manure (PM) with food waste (FW) at 20, 32, 37 and 55
°C. In the context of home biogas systems 32°AcoD was reported as the optimum temperature and
process instability reported for 20°C AcoD. Martı´-Herrero et al [117] investigated co-digestion of
llama with sheep manure and cow with sheep manure in real field low cost tubular digesters adapted to
cold climate (average temperature 16°C), organic loading, 80 day retention time. In both these studies,
either organic loading or temperature was not controlled. A systematic temperature study controlling
organic loading is required to understand the temperature-dependency of co-digestion for AD systems
operating in the mesophilic-psychrophilic temperature range.
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2.4 Full-scale co-digestion at wastewater treatment plants
Food waste co-digestion has been a strategy applied to improve WWTP energy self-sufficiency [118].
However, there are limited peer-reviewed literature reporting full-scale plant case studies and few
studies have analysed the effectiveness of co-digestion in improving energy self-sufficiency and
quantified its plant-wide impact. Prior to adopting a strategy, it is important to understand the plant-
wide implications and trade-offs between maximising power production and minimising process
drawbacks. In co-digestion, plant-wide impacts are essential in defining the rate limiting process, e.g.
nitrogen backload and solids handling.
Food waste is a common substrate for co-digestion at municipal WWTPs due to its high methane
yield, fast digestion kinetics and local availability [119]. Food waste co-digestion at WWTPs result
in additional environmental benefits by diverting organic wastes from landfills and in some cases by
generating a revenue stream for the WWTP via gate fees [118, 120]. A life cycle analysis carried out
by Di Maria et al. [121] concluded that co-digesting food waste and sewage sludge provided greater
environmental and energetic benefits compared to separate mono-digestion of sludge and composting
of food waste.
AcoD of sewage sludge and food waste has been researched extensively [34, 122], however full-scale
co-digestion case studies remain limited. The studies that have been conducted at full-scale WWTPs
demonstrate improvements in power production ranging from 0.5 to 20 kWh PE-1 a-1 [20,31,123–126].
The majority of these studies focused exclusively on biogas and energy production with little attention
paid to the downstream factors caused by co-digestion, such as nutrient backloads, increased polymer
demand and increased sludge production [118, 127]. Omitting the drawbacks of co-digestion can
cause loss of faith in this technology when unanticipated costs are incurred during co-digestion
operations [128].
Zirl WWTP (61,500 PE (population equivalent)) is one of the few case studies that has quantified the
downstream impacts of co-digestion [125]. Zirl WWTP increased the digester OLR by 86% (1.17
to 2.18 kgVS m-3 d-1) with food waste, boosting biogas production by 174% and becoming energy
positive by producing 115% of the plant’s energy demand. However, digestate solids increased by 33%
and the nitrogen backload doubled [125].
Table 2.10 compares the impacts of food waste co-digestion at three full-scale food waste co-digestion
case studies [123–125]. Each of these studies monitored WWTP power production and consumption
for at least one year each during both i) sewage sludge mono-digestion and ii) food-waste co-digestion
operations. Rovereto WWTP co-digested food waste at 0.24 kgVS m-3 d-1 and improved energy self-
sufficiency by +32% [124]. At a similar food waste co-digestion organic loading (0.27 kgVS m-3 d-1)
Strass WWTP improved energy self-suffiency by +37% [125]. Co-digesting food waste at 0.32 kgVS
m-3 d-1 assisted Garching/Alz WWTP to achieve +53% improvement in energy self-sufficiency [123].
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Table 2.10: Comparison of plant-wide impact of food waste co-digestion from literature case studies
In contrast to laboratory studies, full-scale studies often have several overlapping effects that make it
difficult to assign an observation to a single operational change. Several operational changes usually
occur simultaneously with the introduction of co-digestion. In the case of Rovereto WWTP, the
installation of the food waste processing facility increased the plant energy consumption by 9 kWh
PE-1 a-1 [124]. At Garching/Alz WWTP, the combined heat and power units were upgraded and it
improved the electrical efficiency from 23 to 31%, further enhancing the benefits of increased biogas
production [123].
Overall there is a lack of documented full-scale co-digestion research. Nghiem et al. [118] reported
that the lack of documented full-scale experience is a key bottleneck in anaerobic co-digestion
implementation. Future research is therefore required to fill this gap and provide adequate knowledge
of process drawbacks and financial costs associated with co-digestion and how they weigh against the
benefits. This knowledge is critically important to ensure that confidence in co-digestion operations is




3.1 Research objective 1: Metabolic process kinetics
To investigate how operating temperature influences organic loading capacity and
metabolic process rates for AD systems fed with a complex but well-defined sub-
strate
3.1.1 Research gap
Previous studies linking microbial functionality with process performance have mostly focused on
mesophilic (30-40°C) and thermophilic (40-70°C) operating conditions, with psychrophilic AD being
researched to a lesser extent [59, 129, 130]. The few studies that have investigated microbial activities
over different temperatures have mostly used inoculum from reactors fed with model substrates rather
than more complex organic wastes [3, 58]. Additionally the majority of previous studies have focused
on a single metabolic step rather than looking at the relative activities of key trophic groups or whether
the rate limiting step is dependent on temperature. There remains a need for research to determine
if the thermodynamics of process reactions, physical equilibrium changes (e.g. gas solubility) or
microbial shifts play a more dominant role in defining the catabolic pathways and individual activity
rates of hydrolysis, acidogenesis, acetogenesis and methanogenesis at different temperatures.
A number of models have been developed to describe the key metabolic processes in anaerobic
digestion [44,65,131–133]. First order kinetics have been used to describe hydrolysis and monod-type
kinetics have been used to describe acidogenesis, acetogenesis and methanogenesis. Previous studies
have used the Arrhenius equation to describe the relationship between temperature and reaction rate
constants [40, 60]. Whilst Arrhenius relationships have been presented to describe the impact of
temperature on hydrolysis rate constants [6, 27, 40, 60], similar models for acidogenic, acetogenic and
methanogenesis are mixed or inconclusive [3,39,60]. Additionally not all studies that have investigated
the influence of temperature on activity have used temperature adapted inoculum, which impacts the
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results and limits the utility of findings [134]. Previous studies have reported that both temperature
and substrate type influences the rate-limiting step of the anaerobic process, however there is a poor
understanding of how these factors influence the relative activity rates and the balance of key trophic
groups involved in AD.
3.1.2 Aim of the study
Research objective 1 aims to address the research gaps detailed in section 3.1.1 by testing the following
hypotheses
(i) Microbial richness correspond to higher specific activity rates
(ii) Temperature impacts the relative sensitivity of different trophic groups
(iii) The rate-limiting step changes with temperature for a given AD system
(iv) Feedstock-type influences the temperature-dependency of different process rates
3.1.3 Research approach
Four continuous bench-scale anaerobic digesters were operated to investigate the influence of operating
temperature on process stability and methane yield as well as provide inoculum for batch fundamental
experiments. To investigate the impact of feedstock, two of these bench-scale digesters were fed
sewage sludge while the remaining two were fed pig manure. In each reactor set, one reactor was
constantly operated at 37°C to account for substrate variations, environmental fluctuations and natural
changes in microbial community over time. The operating temperature of the other reactor was
decreased from 37°C to 15°C at 10 degree intervals. These reactors were operated for approximately
660 days and transitioned through 4 key operational phases. Samples for taxonomic analyses were
taken every HRT and batch assays for metabolic process kinetics were conducted in triplicate at two
time points for each temperature regime.
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3.2 Research objective 2: Co-digestion capacity
To determine impact of operating temperature, microbial metabolic capacity and
feedstock-type on co-digestion capacity for mesophilic-psychrophilic AD systems
3.2.1 Research gap
Currently, there has been very little evaluation of co-digestion at temperatures other than 37 °C and
55°C [35, 47–49]. This increases the risk of co-digestion considering the large range of anaerobic
processes operating at different temperatures. Additionally among the previous studies that have been
conducted comparing 37 and 55°C, mixed results have been reported with some studies finding co-
digestion capacity to be correlated with temperature [23], whilst other studies inversely correlated with
temperature, [47]. This contrasting behaviour indicates that different co-substrates will be affected by
temperature differently. Further research is therefore required to understand the underlying mechanisms
limiting co-digestion of different substrates at different temperatures and expand existing knowledge
to psychrophilic temperatures. The second research objective was devised to address this research gap
and build upon the knowledge developed through RO 1 to capture the temperature-dependency of a
systems’ co-digestion capacity.
3.2.2 Aim of the study
Research objective 2 aims to address the research gaps detailed in section 3.2.1 by testing the following
hypotheses
(i) Maximum co-digestion loading is determined by the co-substrate digestive pathways and linked
to metabolic process kinetics of the inoculum
(ii) Operating temperature impacts maximum co-substrate loading, ultimate methane yield and
kinetics
(iii) Particulate and soluble substrates will have different maximum co-substrate loading limits
3.2.3 Research approach
A series of BMP tests were conducted to investigate the link between co-digestion capacity and
metabolic process kinetics. These BMP tests aimed to compare the co-digestion capacity of food waste
(particulate substrate) and glycerol (soluble co-substrate) with sewage sludge at three different operating
temperatures (37, 25 and 15°C). The temperature-adapted inoculum was sourced from systems fed
with the same sewage sludge that was used in the batch experiments. A second series of BMP tests
focused on a single co-substrate, glycerol. Five sets of BMP experiments were conducted to understand
the impact of base substrate digestion kinetics and incoculum metabolic kinetics on maximum glycerol
loading. Glycerol was co-digested with pig Manure, cattle slaughterhouse wastewater and sewage
sludge using both substrate adapted and non-adapted inoculum.
3.3 Research objective 3: Full-scale co-digestion
To determine plant-wide impacts of food waste co-digestion at a full-scale wastew-
ater treatment plant
3.3.1 Research gap
Aeration upgrades and co-digestion are commonly applied strategies to improve WWTP energy self-
sufficiency. However, there are limited peer-reviewed literature reporting full-scale plant case studies
and few studies have analysed the effectiveness of these strategies and quantified their plant-wide
impact [118]. Prior to adopting a strategy, it is important to understand the plant-wide implications and
trade-offs between maximising power production and minimising process drawbacks. In co-digestion,
plant-wide impacts are essential in defining the rate limiting process, e.g. nitrogen backload, solids
handling. Further research is required to quantify the plant-wide impacts and effectiveness of different
strategies (e.g. aeration system upgrades, food waste co-digestion) aimed at improving WWTP energy
self-sufficiency. Practical knowledge of the trade-offs for different strategies is important to enable
utilities to holistically plan for WWTPs becoming energy self-sufficient.
3.3.2 Aim of the study
Research objective 3 aims to address the research gaps detailed in section 3.3.1 by testing the following
hypotheses
(i) Food waste co-digestion is an effective strategy to increase WWTP energy self-sufficiency
(ii) Upgrading the blower system has a greater impact on energy self-sufficiency compared to
introducing food waste co-digestion
(iii) Food waste co-digestion increases nitrogen backload
(iv) Food waste co-digestion reduces digestate dewaterability and increases polymer demand
(v) Food waste co-digestion increases biosolids production and reduces biosolids quality
(vi) Food waste co-digestion reduces biogas quality
3.3.3 Research approach
5 years of operational data for Gru¨neck WWTP (2013-2017) was analysed from annual reports, energy
reports and sludge reports in consultation with plant operators. In May 2014, co-digestion with
processed food waste commenced and the aeration system was upgraded in September 2014. Baseline
aeration requirements were calculated from the monthly data between January 2013 and August 2014.
Baseline conditions for assessing the downstream impacts of co-digestion (e.g. sludge production,
dewaterability) were calculated from the 2013 annual report.
Chapter 4
Materials and methods
This chapter details the experimental platform, analytical tests and methodology employed to meet
the research objectives (RO) stated in Chapter 3. Two experimental platforms and a data analysis
methodology were used for this research as summarised in Figure 4.1.
• The first experimental platform aimed to achieve RO 1. This set-up consisted of four lab-scale
continuous stirred tank reactors (CSTR) which provided inoculum for subsequent batch activity
and inhibition testing.
• The second experimental set-up focused on batch testing to achieving RO 2 and consisted of a
series of co-digestion biomethane potential (BMP) assays.
• The third methodology to achieve RO 3 evaluated full-scale operational data from a wastewater
treatment plant co-digesting food waste. In addition to consulting with plant operators, annual
operational, energy and sludge reports were analysed to quantify the plant-wide impacts of food
waste co-digestion.
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4.1 Continuous reactors
Four lab-scale CSTRs were set up to evaluate process performance at different operating temperatures
and provide a basis for achieving RO 1. The lab-scale anaerobic digesters produced temperature-
adapted inoculum that was analysed for microbial community identity, relative activity of different
trophic groups and tolerance to ammonia at different temperatures. The four CSTRs were divided
into two sub-sets, two treating mixed sewage sludge and the remaining two treating pig manure. Each
sub-set consisted of an experimental reactor and a control reactor.
4.1.1 Inocula
STPI: sewage treatment plant inoculum
The two sewage sludge reactors (S1, S2) were inoculated with mesophilic anaerobic digested sewage
sludge from a conventional municipal wastewater treatment plant (Brisbane, Queensland, Australia).
The SS was collected from a digester that treats mixed sewage sludge (50% primary and 50% secondary
sludge on VS-basis) at a solid retention time of 23–24 days and under mesophilic conditions (T = 35
± 2 °C).
PLI: piggery lagoon inoculum
The two piggery reactors were initially inoculated with the effluent from a stirred piggery anaerobic
lagoon that receives flushed, unscreened manure from a specialised breeder piggery (Goondawindi,
Queensland, Australia). The covered lagoon is operated at high retention times and ambient tempera-
ture.
4.1.2 Substrates
SS: mixed sewage sludge
Primary Sludge and Waste Activated Sludge were sourced separately from a municipal sewage
treatment plant in Brisbane, (Queensland, Australia). Fresh sludge samples were collected fortnightly
and prior to collection, both sludge streams are thickened by centrifugation at the sewage treatment
plant. The thickened primary sludge was sieved using 4mm stainless steel mesh with 4mm aperture
(BS 410/ 1986, Endecotts Ltd London, Ser no: 944406) to remove items such as stones and hair
that could clog the feeding pumps/lines. Volatile Solid (VS) measurements were taken of both the
thickened primary sludge and thickened waste activated sludge. Based on the VS measurement, the
thickened primary sludge and thickened waste activated sludge were mixed together on a weight-basis
(50:50 VS) to ensure a 15g VS/L from each sludge sample and Reverse Osmosis (RO) water was
added if required to obtain a total VS concentration of 30 g VS/L in the mixed sludge feed.
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PM: pig manure
The pig manure was manually collected bi-monthly from sow sheds at a specialised piggery in
Grantham, (Queensland, Australia). Weekly 5L feed batches were created by firstly blending the
collected pig manure with RO water in a Breville Kinetix Control blender (BBL605BS) using the pulse
function until a homogenous slurry was formed. The pig manure slurry was then sieved using 4mm
stainless steel mesh with 4mm aperture (BS 410/ 1986, Endecotts Ltd London, Ser no: 944406) to
remove larger fibres that could clog the feeding pumps/lines. The resultant filtered pig manure slurry
was then characterised for Volatile Solids (VS). The pig manure slurry was then diluted using RO
water to obtain a VS concentration of 30g VS/L in the pig manure feed.
4.1.3 Reactor hardware
Each reactor (5.5L working volume) was operated on a semi-continuous basis with a multi-head
peristaltic pump used for simultaneous feeding and effluent withdrawal. Reactors were continuously
stirred using agitators powered by a bipolar stepper motor (FL60STH86-2008B). Reactors were
operated at a Hydraulic Retention Time (HRT) of approximately 20 days and an organic loading rate of
1.5gVS L-1 d-1. The temperature in the reactors was maintained by circulating water through the external
water jackets. In the control reactors, the water was heated by a thermoregulator (Ratek TH7100) and
for the experimental reactors, the water temperature was adjusted using a cooling thermostat (LAUDA
Alpha RA 8). Each reactor was equipped with a tipping bucket gas meter connected to a counter data
logger. An example of the components involved in the experimental set up for single reactor is given
in Figure 4.2.
Figure 4.2: Example of continuous reactor set up for a single reactor
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4.1.4 Operating conditions
The two control reactors were maintained at 37°C to account for environmental fluctuations and
changes in the microbial community over time. The experimental reactors were used to study the
impact of psychrophilic operating temperatures. The operating temperatures and organic loading rates
associated with the four key operational phases are detailed in Table 4.1.
Table 4.1: Lab-scale continuous reactor operating regimes
Phase Description Days of operation
Control Experimental
OLR SRT Temperature Temperature
(g VSL−1d−1) (days) (S1,P1) (S2,P2)
Start-up
60
















1.2±0.4 30±2 37 °C 15°C
15 °C Day (453-660)
4.1.5 Batch activity assay
Activity assays were performed in triplicate in 120 mL serum bottles, with a working volume of 80
mL. The serum bottles contained inoculum (collected from the CSTRs) and the amount of substrate
required to achieve an initial inoculum to substrate ratio of 5 (VS-basis). The headspace of each
bottle was flushed with 99.9 % N2 for one minute (4L min−1) and then sealed with rubber septa and
aluminium caps. The bottles were placed in a temperature controlled incubator. The bottles were
mixed by swirling before each sampling event. The model substrates to evaluate the relative microbial
activities are shown in Table, representing the main AD trophic groups. Butyrate, propionate, acetate,
and formate were added in the sodium salt form to avoid the initial pH drop caused by the acid forms.
To determine the hydrolytic rate, two sets of triplicates (six serum bottles) were run in parallel. One
set was used to measure the soluble COD that accounts for the hydrolysed compounds that had
not been methanised and the parallel set measures the methane production at the same sampling
events. Since in AD systems COD is conserved, the amount of cellulose hydrolysed is proportional
to the amount of COD solubilised and methanised. For the protein hydrolysis, the rate of COD
converted was approximated by the increase in total ammonium nitrogen (TAN) measured in the
soluble sample and the COD/TAN ratio for gelatine. The protein rate was then compared to the rate
approximated by the combined VFA profile and methane production. For lipid hydrolysis, the rate
was measured by the combined COD converted into VFAs and methane. For the acetogenic activity
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assays, a sample of well-mixed liquor was extracted, centrifuged at 10.000x g for 5 min, and filtered
(0.45 Mm PES Millipore®filter) at every sampling event to determine the substrate concentration.
Methanogenic activity was tested directly using methane production, calculated from the pressure
increase and methane composition of the headspace at each sampling event. Methane production, in
COD-equivalents, is reported at standard conditions (i.e. 0 °C and 1 bar). Blank assays only containing
inoculum were used to correct the background influence of the target substrate.
4.1.6 Batch ammonia inhibition assay
Ammonia Inhibition testing was undertaken using the protocol developed by Astals et al [135].
Aceticlastic methanogenesis is generally considered the most sensitive trophic group to ammonia
inhibition, therefore inhibition of this group will be used to assess ammonia tolerance at different
temperature conditions. The methodology will follow that outlined in Astals et al [135]. The biomass
concentration of temperature-adapted inoculum will be normalised to 10g VS L−1. for the tests. The
carbon source will be sodium acetate at a concentration of 2 g L−1 acetate. The inhibition assays
will be performed in triplicates and varying amounts of ammonium chloride will be added to each set
of serum bottles. Nitrogen gas will be used to flush the headspace in each serum bottle and rubber
septums and aluminium crimp seals will be used to seal each serum bottle. The bottles will be placed
in a temperature-controlled incubator set at the same temperature at which the inoculum is adapted. If
time and inoculum resources allow, additional ammonia inhibition testing will be done using sodium
formate to assess the inhibition of hydrogenotrophic methanogens. The procedure will be similar to
that outlined in [135], substituting sodium formate for sodium acetate and keeping the ISR at 5.
4.1.7 Physico-chemical analysis
Analytical methods used to determine physico-chemical properties are listed in table 4.2.
4.1.8 Microbial analysis
Pyrosequencing
Samples for taxonomic analysis were taken from each reactor every HRT. Samples were taken,
centrifuged at 10,000 G and supernatant removed stored at -20 °C until analysis. DNA was ex-
tracted using the FastDNAT M SPIN Kit for Soil (MP Biomedicals, Santa Ana, California) per
themanufacturer’s protocol. The 16S rRNA gene was PCR amplified with iTAG 16S 926F (5’-
AAACTYAAAKGAATTGACGG-3’)and 1392wR (5’-ACGGGCGGTGWGTRC-3’) primers146 and
Taq 2X Master Mix (New England Biolabs Inc., Ipswich, MA,USA). As a quality control measure,
DNA concentration and purity was determined by gel electrophoresis on 1% agarose gel, and spec-
trophotometrically using the NanoDrop ND-1000 (Thermo Fisher Scientific, USA). Pyrosequencing
was then performed on the raw DNA extracts by the Australian Centre for Ecogenomics (Univer-
4.1. CONTINUOUS REACTORS 39
Table 4.2: Analytical Methods for physico-chemical analysis
Parameter Analytical Method
Total Solids (TS)
Standard Methods for the Examination of Water and Wastewater 2540G[127]
Volatile solids(VS)
pH OrionTM Ross Ultra Electrode and a thermal scientific WP-81 Meter
Alkalinity Mettler Toledo auto-titration unit
TCOD/sCOD Merck COD Spectroquant® test kit (high-range 0.5–10 g L-1, or low-range
25 – 1500 mg L-1)and a Move 100 colorimeter (Merck, Germany)
VFA Volatile fatty acids (C2 to C6) and alcohols (ethanol, propanol, butanol) in
wastewater are determined by gas chromatography (Agilent Technologies
7890A) using a flame ionisation detector (FID) and a polar capillary column
(DB-FFAP).
NH4-N /Lachat Quik-Chem 8500 flow injection analyser
PO4-P
TKN/TP Sample is digested with sulfuric acid, potassium sulfate and copper sulfate
catalyst in a block digestor (Lachat BD-46).Lachat QuikChem8000 Flow
Injection Analyzer using QuikChem method 10-115-01-1-D for TKP (analysis
of phosphate) and 10-107-06-2-D for TKN (analysis of ammonia).
Metals and salts Inductively Coupled Plasma – optical emission Spectrometry through the ASL
will be used to measure Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Mo, Na, Ni, P, Pb, S, Se, Zn
sity of Queensland, Brisbane, Australia)using the Illumina MiSeq platform (Illumina, USA), with
amplification via the same primers.
Bioinformatics
QIIME2 was utilised to process the fastq files and generate the taxonomy table as detailed in Figure
conduct quality control of the fastq files. All fastq files are processed with fastqc. All fastq files
are then trimmed to remove primer sequence with Cutadapt, and quality trimmed to remove poor
quality sequence using a sliding window of 4 bases with an average base quality above 15 using the
software Trimmomatic. All reads are then hard trimmed to 250 bases, and any with less than 250 bases
excluded.
To assign taxonomy fasta files are processed using QIIME2’s workflow with default parameters and tax-
onomy assignment. Representative features (OTU) sequences are then BLASTed against the reference
database (Silva 132 and UNITE). The main analysis output is an OTU table comprising the taxonomic
classification of the best database match and a representative sequence for each OTU.Singletons were
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removed from the OTU table prior to normalisation.
Figure 4.3: QIIME2 workflow to generate taxonomic abundance from fastq files
Statistical analysis
Statistical analyses were performed in RStudio v3.4.3. Two-tailed t-test and ANOVA (5% significance
threshold) were used to compare the digesters performance and activity rates between digesters and
between SRTs. Microbial communities were explored using Vegan ( [136]) and Phyloseq packages
( [137]). Differences in community composition and dynamics were explored by principal component
analysis (PCA), where the OTU table was rarefied to the depth of the shallowest sample, using
rarefy-even-depth() (rgn seed 712) from Phyloseq package. To accommodate the data to the statistical
requirements of PCA analysis, the resulting rarefied OTU table was Hellinger transformed prior
PCA. Correlations between microbial community composition and performance data were calculated
using environmental parameter fitting envfit() in the package Vegan. Performance data was variance-
stabilised (z-scoring) before correlation analyses to aid with the comparability of variables that
have different magnitudes. Beta-diversity was examined by Non-metrical Multidimensional Scaling
(NMDS) based on Bray-Curtis dissimilarity using metaMDS() from Vegan package. Pearson and
Spearman correlations between activity rates and taxa relative abundance were performed on Hellinger-
transformed abundance and non-transformed calculated activity rates. Prior correlation test, variance
due to primary factors (i.e. digester, time, or temperature) was subtracted.
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4.1.9 Sample fixation and fluorescence in situ hybridisation (FISH)
Samples for fluorescence in situ hybridisation (FISH) were collected from the bench-scale reactors.
These samples were immediately fixed in 4% paraformaldehyde for 4h and washed twice with 1%
phosphate-buffered saline solution before being stored at -20°C in a 50:50 mixture of 1% phosphate-
buffered saline and 100% ethanol (Amann et al., 1995). Cells were hybridised with universal bacterial
and archaeal probes (Amann et al., 1995) in combination with population- specific probes targeting
Methanosaeta, Hydrogenotrophic methanogens (e.g. Methanosarcina) and Firmicute populations
(create Table). FISH preparations were visualised using a Zeiss LSM512 confocal laser scanning
microscope (Zeiss, Oberko- chen, Germany).
The following probes were used to in the FISH analysis to identify Methanosaeta in yellow, Hy-
drogenotrophic Methanogens in cyan and Firmicutes in purple.
• Green : all Archea (Arc 915)
• Red: Methanosaeta (Mx825), all Bacteria (EUB Mix)
• Blue: Hydrogenotrophic Methanogens (MG1200, MC1109, MB1174, MS1414 (Methanosarcina)),
Firmicutes (LGC354A)
4.1.10 Carbon and hydrogen isotope analysis
Gas samples from the headspace and soluble samples from the liquid phase were taken from each
reactor. 30ml serum bottles were initially flushed with argon and a 20ml gas sample was taken from
the headspace using a glass syringe and injected into the serum bottle. Liquid samples from the
effluent were centrifuged at 10,000G, filtered using 0.22m filters and sealed with no headspace in 5ml
containers. All stable isotope samples for δ 13C-CH4, δ 13C-CO2 and δD-CH4 were analysed at the
Stable Isotope Geochemistry Laboratory at University of Queensland using an Isoprime/Agilent Gas
Chromatograph-combustion-isotope ratio mass spectrometer (GC-c-IRMS). Theδ13C and δD values




The process stability of the continuous bench-scale reactors will be assessed based on volatile solids
destruction. The Van Kleeck VS destruction which is a modified mass balance using the VS fraction
(fraction of total solids that is volatile e.g. VS/TS) as given in Equation 4.1.
V Sdestroyed =
V S f rac,in−V S f rac,out
V S f rac,in−V S f rac,inV S f rac,out (4.1)
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COD balancing
A Chemical Oxygen Demand (COD) balance will be used to discern the conversion extent of reactor
feed during the continuous operation of the lab-scale reactors. The total (tCOD) and soluble chemical
oxygen demand (COD) of the reactor influent and effluent will be measured as detailed in Section
4.1.7. The VFA, alcohol, hydrogen concentrations in the effluent as well as the methane production









−→ nCO2+ a2H2O (4.2)
























The kinetic parameters using a model-based analysis and parameter estimation functionality in the
software Aquasim 2.1d. Global parameter fitting will be used with the data obtained from triplicate
experiments. For particulate substrates, first-order kinetic models as given in Equation 4.6 will be
used to estimate fi (substrate biodegradability) and khyd (first order hydrolysis rate constant (d-1)).
For soluble substrates, monod-type kinetics as given in Equation 4.7 will be used to estimate kmi
(maximum specific growth rate (gsCOD gCOD-1 d-1) and Ks,i (half-saturation constant).
Particulate substrates
For t < tdelay, rhyd,i = 0
For t ≥ tdelay, rhyd,i = fi · khyd,i ·Xi
(4.6)
Soluble substrates
For t < tdelay rsol,i = 0
For t ≥ tdelay rsol,i = km,i SiKs,i+Si
(4.7)
Where tdelay is the lag period before substrate consumption or biogas production starts, In Equation
4.6 : rhyd,i is the reaction rate for particulate substrates (g COD L-1 d-1), fi is the particulate substrate
biodegradability fraction (-), khyd is the first order hydrolysis rate constant (d-1) and Xi is the particulate
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substrate concentration ( gCOD L-1) . This can be translated to specific rate by dividing by the active
biomass concentration. In Equation 4.7: rsol,i is the reaction rate for soluble substrate i, km,i (maximum




• Abattoir anaerobic lagoon
Digestate from a crusted anaerobic lagoon at a cattle-only slaughterhouse (New South Wales,
Australia) that receives combined wastewater (slaughter floor, boning room, cattle wash, ren-
dering, paunch) after primary treatment to remove coarse solids and reduce the fat content.
The lagoon is operated at low hydraulic retention times and has an uncontrolled mesophilic
temperature profile (38 ± 2 °C).
• Pig manure digestate
Digested pig manure from a laboratory-scale continuous-anaerobic digester operating at 37 °C
and 16-day retention time. The laboratory digester was initially seeded with inoculum from a
partially covered anaerobic lagoon, which treats flush manure from the same specialised breeder
piggery located near Grantham (Qld, Australia) that the fresh pig manure was sourced
• Mesophilic digested sludge
The inoculum used in 37 °C and 25 °C BMP tests was digested sewage sludge obtained from a
mesophilic digester (35 °C) at the same WWTP operating with a 20-day retention time and OLR
of approximately 2 g VS L−1 d−1.
• Psychrophilic digested sludge
The 15°C inoculum was sourced from a 5.5L lab-scale reactor digesting SS at 15 °C and organic
loading of 1 g VS L−1 d−1. (Digestate was taken from S2 experimental reactor on day 615, refer
chapter 5).
4.2.2 Substrates
• Cattle slaughterhouse wastewater
The fresh cattle slaughterhouse wastewater (SHW) was obtained from an abattoir located in
Casino (NSW, Australia).
• Pig manure
Fresh pig manure (PM) was taken from a specialised breeder piggery located near Grantham,
(Qld, Australia).
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• Sewage sludge
The sewage sludge (SS) was a 50/50 mix of primary and secondary sewage sludge on a volatile
solids (VS) basis obtained from a domestic conventional activated sludge wastewater treatment
plant in Brisbane, (Qld, Australia).
• Glycerol
Analytical grade (99.5% Sigma Aldridge G5516) glycerol was used in all experiments.
• Food waste
Synthetic food waste was created based on Capson-Tojo et al [138]. The specific composition
used in BMP tests detailed in Chapter 7 is given in table 4.3.
Table 4.3: Composition of synthetic food waste used in co-digestion BMP tests
Food item Added weight (g)













4.2.3 Biochemical methane potential test
The BMP tests were carried out according to Holliger et al [139] in 160ml serum bottles. All tests
contained 50mL inoculum and an amount of base substrate that provided an inoculum to substrate ratio
(ISR) of 4 (VS-basis). Bottles were flushed with 99.99% N2 gas for 1 min (4 L min-1), sealed with a
rubber stopper retained with an aluminium crimp seal and stored in temperature-controlled incubators.
Tests were mixed by swirling once per day. A blank test containing inoculum and no substrate was
used to correct for background methane potential of the added inoculum. All tests including theand
blank tests were done in triplicates.
The biogas volume was measured using a precision gas tight syringe (SGE International Pty Ltd.,
Ringwood, Australia) and a water filled manometer. Biogas composition (CH4, CO2, H2 and N2) was
determined using a Shimadzu GC-2014 loop-injection GC equipped with a Valco GC valve (1 mL
sample loop), a HAYESEP Q 80/100 packed column (2.4 m length; 2.1 mm inner diameter) and a
thermal conductivity detector. The chromatograph injector, oven and detector temperatures will be
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set at 75, 45 and 100 °C, respectively and Argon (99.99%) was the carrier gas at 28 mL min-1 and
135.7 kPa. The GC is regularly calibrated using external gas standards from British Oxygen Company
(Sydney, Australia).
4.2.4 BMP modelling
Anaerobic degradation parameters estimated from the batch BMP tests will include the ultimate
methane potential of the substrate (B0) and the apparent first order hydrolysis rate coefficient (khyd),
which represents the speed of anaerobic digestion. The parameters B0 and khyd will be estimated
by optimising B0 and khyd in a simple first order model (Equation 4.8) through Aquasim 2.1d as
previously described [128]. Parameters will be estimated using a gradient search technique with the
sum of squared errors as the objective function, and parameter uncertainty estimated from the linear






A lag time (days) will be implemented into the first order model as a method of accounting for
inhibition in the BMP tests. Data collected during the lag period will not be included in the model fits
for B0 and khyd.
For substrates causing inhibition more complex modelling will be applied to determine specific
inhibition characteristics of a substrate, such as the inhibition constant (KI). Hydrolysis is generally the
rate limiting step in AD, therefore first order degradation equations are typically applied. A first order
model with inhibition function is shown as Equation 4.9. Glycerol is a soluble compound, therefore
Monod kinetics with an inhibition function (shown in Equation 4.10) could be an alternative approach



















Where B0 is the ultimate methane potential of the substrate, S is the concentration of substrate, khyd is
the apparent hydrolysis rate coefficient (for solid substrates), km is the maximum substrate uptake rate
(for soluble substrates) and KS is the half saturation constant (i.e. the concentration where substrate is
uptake is 50% of the maximum). I is the inhibition function and represents the impact on microbial
activity. KI,50 is the inhibition coefficient and represents the concentration where activity is 50%
46 CHAPTER 4. MATERIALS AND METHODS
of the maximum, KI,min is the concentration representing the onset of inhibition and KI,max is the
concentration that presents complete inhibition. Where C and n are empirically defined constants.
From previous studies C=2.77 and n=2.
4.3 Full-scale operational data analysis
4.3.1 Operational data
Operational data for Gru¨neck WWTP during 2013-2017 was derived from consultations with the
plant operator, annual reports, energy reports and sludge reports. Baseline aeration requirements
were calculated from the monthly data between January 2013 and August 2014. Baseline conditions
for assessing the downstream impacts of co-digestion (e.g. sludge production and dewaterability)
were calculated from the 2013 annual report. Nutrient backloads were calculated based on laboratory
analysis of individual grab samples (n = 4 between January 2013 and May 2014 and n = 12 between
May 2014 and December 2017) in combination with centrate volumes reported in the annual reports.
All calculations regarding sludge disposal including transportation distances to incineration plants
were derived from the annual sludge reports.
4.3.2 Plant-wide energy balance
Energy (kWh PE-1 a-1) was chosen as the common metric to quantify benefits and drawbacks
associated with the three process upgrades. Whilst some factors (such as renewable energy generation)
were already measured as energy, other metrics (such as nitrogen backload and dewaterability) required
conversion. Changes in nitrogen backload were measured as the increase in aeration energy required
to treat the backload (2.8 kWh per kg N removed (based on conventional nitrification/denitrification
[30]) Changes in sludge dewatering costs were based on the increases in sludge pumping energy
(values given in annual energy report). Solids accumulation removal was quantified as the energy
production lost during digester shut-down based on the cleaning event in 2017 (values derived from
the annual operational report). Other factors, such as leveraged infrastructure and biosolids quality
could not be readily quantified and were excluded from the simplified trade-off analysis. The benefits
and drawbacks of co-digestion and the solar dryer within the wider disposal system (e.g. transportation
and incineration) were estimated using literature values and in consultation with the plant operator.
Fuel off-sets for transportation (1.35 MJ t-1 km 1) and the energy for food waste pre-processing (29.4
kWh t-1) were calculated based on literature values [31]. The transportation distances were calculated
based on the waste contracts (sludge annual report). Heat energy savings during incineration from
reduced biosolids moisture were calculated using specific enthalpy values in steam tables based on
furnace operating conditions described in Niessen [32]. Energy produced during incineration was
calculated based on the low heating value (LHV) for biosolids (12.3 MJ kgTS-1 ) [32] and raw food
waste (37.7 MJ kgTS-1) [33].
Financial figures for capital costs (rotary lobe blowers, food waste acceptance facilities, and solar
dryer) and operating costs (grid electricity, food waste transport, and biosolids disposal) were provided
by the plant operator. The operating cost savings for the blower upgrade were calculated based on
2016 aeration energy savings and the grid electricity price (0.14 C per kWh-1). The operating cost
savings for the solar dryer were calculated based on the transportation and incineration costs of the
mass of water that is now instead being removed in the solar-dried sludge. The annual cost savings for
co-digestion were calculated by subtracting the food waste transportation costs from the grid electricity
savings. The food waste transportation costs were calculated by multiplying the gate fee (3 C t-1) by
the total tonnes of food waste accepted in 2016. The grid electricity savings associated with food waste
co-digestion were calculated by subtracting the estimated electricity production from sewage sludge
mono-digestion from the total electricity production recorded in the 2016 annual electricity report.
The payback period was calculated by dividing the investment cost by the net annual cost savings.

Chapter 5
Temperature and feedstock tip the balance of
metabolic activity rates and impact AD
process performance
5.1 Abstract
Successful anaerobic digestion (AD) relies on balanced microbial communities achieving a balance
between acid producing metabolic processes and acid consuming metabolic processes. This study
focuses on the impact of feedstock and temperature on the activity balance of hydrolysis, fermentation,
acetogenesis and methanogenesis. Metabolic activity profiles were studied using four lab-scale
anaerobic digester systems; two treating pig manure and two treating mixed sewage sludge, operating
at an organic loading rate of 1-1.2 gVS L-1 d-1 and adapted to 37, 25 and 15°C during different operating
periods. Batch-activity testing was performed using model substrates to characterise activities for
hydrolysis of carbohydrates, proteins and lipids, fermentation of glucose and glycerol, degradation
of propionate and butyrate, as well as aceticlastic and hydrogenotrophic methanogenesis. Results
show that adapted digesters fed with pig manure or sewage sludge have different metabolic activity
profiles depending on the feedstock type. Additionally, the two different feedstock-adapted systems
responded differently to reduced operating temperature. In the temperature range 25-37°C, feedstock
rather than operating temperature was the prominent factor determining relative-activity levels. At
the lower operating temperature of 15°C however, operating temperature was a more influential
factor with both feedstock systems displaying greater imbalance in relative-activity levels. Lipid
hydrolysis and propionate degradation were the two activities that appeared to be rate limiting, and in
both of the feedstock-adapted systems these two activity levels were reduced by greater than 50% at
25°C compared to 37°C and reduced by a further 70% at 15°C. The ratio of hydrolytic activities to
downstream metabolic process rates can provide an insight into potential bottlenecks in the AD process.
For example, high protein hydrolysis activities and high acidogenenic activities relative to acetogenic
and methanogenic activities would indicate that protein-rich feedstocks as well as soluble substrates
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would be susceptible to acid accumulation and digester overload. Overall, reducing temperature from
37°C to 25°C caused a decline in metabolic activities, but only slight shifts in relative activity levels
and no clear change in the rate limiting step. Reducing the operating temperature further to 15°C
however caused a more significant decline in metabolic activities and a greater imbalance between
hydrolysis and downstream process kinetics. At 15°C, pig manure systems displayed greater imbalance
between upstream / downstream process kinetics and higher process risk compared to the sewage
sludge system. Modelling the continuous reactors in ADM1 incorporating the batch-derived kinetic
rates, indicated that batch kinetics rates were able to predict continuous process performance. Findings
from this study identify potential process risks for systems subject to seasonal temperature variations.
5.2 Introduction
Anaerobic digestion (AD) of organic matter can occur in the temperature range of 5°C to 75°C [3].
While many industrial anaerobic digesters operate at controlled temperature in the mesophilic (37°C)
or thermophilic (55°C) range, there are also processes operating at ambient temperature and without
temperature adjustment. Covered anaerobic lagoons are an example of processes that operate at
ambient temperature conditions and can be subjected to seasonal variations up to 20°C.
AD is generally simplified and represented as 4 key metabolic steps (hydrolysis, fermentation, ace-
togenesis, methanogenesis). Each metabolic step is influenced by a number of environmental and
physico-chemical factors. Importantly, the solubility and mass transfer rates of different AD inter-
mediates are impacted by temperature differently. Similarly, there are different changes to reaction
thermodynamics. Biologically, temperature is a strong determinant for microbial consortia, influencing
microbial growth and decay rates, as well as substrate affinity and catabolic pathways [98]. These
factors result in different optimal conditions for each of the trophic groups required for AD and
potentially different impacts related to temperature.
Previous studies linking microbial functionality with process performance have mostly focused on
mesophilic (30-40°C) and thermophilic (40-70°C) operating conditions, with psychrophilic AD being
researched to a lesser extent [129]. The few studies that have investigated microbial activities over
different temperatures have mostly used inoculum from reactors fed with model substrates rather
than more complex organic wastes. Complex substrates engage all AD trophic groups being a
mixture of carbohydrates, proteins and lipids. In addition to being chemically and physically diverse,
complex substrates have a biological component and therefore introduce microbial immigration into
the AD system. Model substrates typically engage a single trophic group and as a result microbial
communities developed from reactors fed with model substrates will be less diverse than those fed with
more complex substrates [140]. It is currently unknown how this increased microbial diversity from
complex substrates as well as factors such as immigration impact metabolic activity rates. Industrial
AD systems are mostly fed with complex substrates therefore it is important to understand how this
5.2. INTRODUCTION 51
complexity in physical, chemical and microbial composition impacts process kinetics, microbial
community dynamics and overall process performance.
The majority of previous studies have focused on a single metabolic step rather than looking at the
relative activities of key trophic groups or whether the rate limiting step is dependent on temperature.
Studying a single step in isolation can be limiting due to the nature of AD being a community
process. Whilst AD is considered a four-step sequential process (hydrolysis, acidogenesis, acetogenesis,
methanogenesis), these process do not occur in isolation, are interrelated and occur simultaneously.
Many of the metabolic processes rely on syntrophic relationships between different microorganisms,
therefore artificially enriching a single trophic group with model substrates and studying a single
metabolic process may lead to an observed process rate not being representative of the actual process
rates when the rest of the microbial community is present. To bridge the gap between the fundamental
model substrate studies and industrially applied AD systems, there remains a need to research activity
rates within the context of a balanced microbial community.
A number of models have been developed to describe the key metabolic processes in anaerobic
digestion [44,65,131–133]. First order kinetics have been used to describe hydrolysis and monod-type
kinetics have been used to describe acidogenesis, acetogenesis and methanogenesis. Previous studies
have used the Arrhenius equation to describe the relationship between temperature and reaction rate
constants [40, 60]. Whilst Arrhenius relationships have been presented to describe the impact of
temperature on hydrolysis rate constants [6, 27, 40, 60], similar models for acidogenic, acetogenic and
methanogenesis are mixed or inconclusive [3, 39, 60]. The work of Van Lier [3] demonstrates that
there is no single Arrhenius relationship over a large temperature range and individual psychrophiles,
mesophilies and thermophilies have different activity rates, optimum temperatures and exponential
declines. Not only does this highlight limitations of applying Arrhenius relationships to mixed culture
systems but also highlights limitations associated with applying the Arrhenius equation to transition
temperature ranges between mesophilies and psychrophilies (15-37°C) or above the critical temperature
for a given metabolic activity (e.g. hydrolysis).
Additionally not all studies that have investigated the influence of temperature on activity have used
temperature adapted inoculum [3, 39], which impacts the results and limits the utility of findings [134].
Previous studies have reported that both temperature and substrate type influences the rate-limiting
step of the anaerobic process [60, 108], however there is a poor understanding of how these factors
influence the relative activity rates and the balance of key trophic groups involved in AD.
This chapter addresses these research gaps by characterising the relative activity rates of hydrolysis,
acidogenesis, acetogenesis and methanogenesis for two systems fed with a complex substrate at
different psychrophilic-mesophilic temperatures. This research aims to :
(i) determine the impact of operating temperature and feedstock on long-term continuous process
performance for systems fed with a complex substrate
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(ii) determine the impact of operating temperature and feedstock on relative changes in metabolic
activity levels of hydrolysis, acidogenesis, acetogenesis and methanogenesis across an ambient
temperature range, incorporating mesophilic and psychrophilic temperatures;
(iii) assess default ADM1 to describe changes in process performance when operating at psy-
chrophilic temperatures
(iv) determine if batch kinetic rates using well-adapted inoculum can improve the utility of ADM1
accurately describe continuous process performance; and
(v) provide insight into the likely impact of activity profile on overall process performance, treatment
capacity and process stability risk.
5.3 Materials and methods
5.3.1 Continuous reactor operation
Four continuous bench-scale anaerobic digesters were operated to investigate the influence of operating
temperature on process stability and methane yield as well as provide inoculum for metabolic activity
assays. To understand the relative influence of primary feedstock and operating temperature, the four
lab-digesters were operated for over 600 days and transitioned through four key operational phases
as detailed in Table 5.1. Two reactors (S1,S2) treated primary and secondary sewage sludge (SS)
mixed 1:1 on a VS basis. Two additional reactors (P1,P2) treated pig manure (PM). The control
reactors (S1,P1) were constantly operated at 37°C to account for substrate variations, environmental
fluctuations and natural changes in microbial community over time. The experimental reactors (S2,
P2) were initially operated at 37°C to establish baseline conditions and then reduced in operating
temperature to 25 and 15°C. The reactors were operated for a minimum of 4 SRT cycles at each
operational phase.
5.3.2 Analytical methods
Digestate was collected from each reactor three times per week for chemical analysis including total
solids (TS), volatile solids (VS), chemical oxygen demand (COD), volatile fatty acids (VFA), total
ammonia nitrogen (TAN) (NH4-N), phosphate (PO4-P) using methods described in Table 4.2. Metals
and salts were analysed on a monthly basis (method described in Table 4.2). The continuous reactors
were monitored for process performance. Activity assays using inoculum sourced from the continuous
reactors were conducted at each temperature regime as described in section 5.3.3.
5.3.3 Metabolic kinetics (batch activity assays)
Nine individual batch activity assays were performed in triplicate in 160 mL serum bottles (100-120ml
working volume) in two independent time replicates at each temperature condition. The inoculum,
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Table 5.1: Lab-scale continuous reactor operating regimes
Phase Description Days of operation
Control Experimental
OLR SRT Temperature Temperature
(gVSL-1d-1) (days) (S1,P1) (S2,P2)
Start-up
50
















1.0± 0.4 30±2 37 °C 15°C
15 °C Day (453-660)
sourced from the continuous reactors, was diluted to achieve an approximate biomass concentration of
10 gVS L-1 and all activity tests were conducted on an inoculum to substrate ratio (ISR) of 5 ±1 on a
VS basis. The model substrates and concentrations used in each of the batch activity tests are given in
Table5.2.
Table 5.2: Batch activity test details
Specific Activity Model Substrate
Concentration Sample Taken
gV SL−1 g COD L-1 Type Analysis
Hydrolytic-Carbohydrate Cellulose 2 2.4 L/G sCOD/CH4
Hydrolytic-Protein Gelatine 2 3.2 L/G sTAN/CH4
Hydrolytic-Lipid Oleic Acid 2 5.8 L/G VFA/CH4
Acidogeneic-Simple Sugar Glucose 2 2.1 L Glucose
Acidogeneic-Glycerol Glycerol 2 2.4 L Glycerol
Acetogenic-Propionic Sodium Propionate 2 2.8 L Propionate
Acidogeneic-Butyric Sodium Butyrate 2 2.4 L Butyrate
Methanogenic-Acetoclastic Sodium Acetate 2 1.8 G CH4
Methanogenic-Hydrogenotrophic Sodium Formate 2 0.4 G CH4
*L: liquid samples; G: Gas samples; sCOD: soluble chemical oxygen demand; sTAN: soluble total ammonia nitrogen;
VFA: Volatile Fatty Acids by gas chromatography FID; CH4: Methane gas production by gas chromatography TCD
5.3.4 Feedstock methane potential (batch BMP assays)
To assess the impact of temperature on substrate degradability and methane potential, a series of
biological methane potential (BMP) tests were conducted. The BMP tests were carried out according
to Holliger et al [139] and further details are given in section 4.2.3. The residual biodegradability of
sewage sludge and pig manure was assessed by measuring the VS content of digestate from each of
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the bench-scale reactors after being stored in a temperature-controlled incubator (at either 37 or 15 °C)
for 40 days.
5.3.5 Modelling
Modelling metabolic kinetic rate from activity assays
Monod kinetics were used to describe the specific substrate consumption rate in the activity assays
according to Soto et al. [141]. Considering minimal biomass growth and an excess of substrate, Monod
kinetics can be simplified to a zero order kinetics towards the substrate. Therefore, the maximum
consumption rate constant, km (gCOD gVS,i-1 d-1), was obtained as the slope of a linear regression
fit (Parameter estimation in R) applied to the specific substrate consumption on a COD-basis (gCOD
gVS,i-1)-(y-axis) and time (d)-(x-axis), for subsets of data over which the rate was approximately
constant. The 95% confidence interval in slope was determined using a two-tailed t-test in R with n-2
degrees of freedom where n is the number of data points available for regression.
Modelling continuous reactors
The continuous bench-scale reactors were modelled using ADM1 in AQUASIM 2.0. [44]. Figure
5.1 details the approach adopted for the SS system calibrating ADM1 using S1 control reactor
operational data and modifying ADM1 to simulate psychrophilic AD and predict S2 experimental
reactor operational performance.
(i) Firstly the 660 days of operational data from the S1 37°C control reactor was fitted in ADM1
based on substrate degradability using global parameter estimation with van Kleeck VS destruc-
tion (VSDVK refer equation 4.1) as the objective function and default parameters as detailed in
Appendix Table B.5.
(ii) From this calibrated S1 continuous model (i), the reactor conditions (state parameters) were
taken as initial conditions to model the side batch experiments. The individual activity assays
were simulated in ADM1 using default parameters and initial conditions associated with the
substrate concentrations listed in Table 5.2 and the state variable values from the S1 continuous
model at time t when the activity tests were conducted. The km values for each uptake process
were then calibrated based on the 37 °C experimental batch activity assay data (refer Appendix
Figure B.11 and Table 5.3).
(iii) km values derived from the batch activity assays conducted at 37, 25 and 15°C as described in
section 5.3.5 were used to generate a real list variable describing the reduction in activity rate
(km) with decreasing temperature for the nine different metabolic uptake processes (refer section
5.4.2). The real list variable was calculated as the ratio of km at temperature T relative to km at
37°C for each of the nine different metabolic uptake processes.
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(iv) To simulate psychrophilic AD and model the S2 experimental reactor at 37, 25 and 15°C, three
key modifications were made to the ADM1 model.
(a) The temperature (T) was altered to be a function of time by converting T from a constant
into a real-list variable.
(b) The uptake rates for each metabolic step were altered to be a function of temperature
through the inclusion of an additional inhibition factor based on experimental batch activity
data from (iii) (e.g. IT ,ac refer Table 5.3). For uptake processes for which no experimental
data were available e.g. amino acid and valerate uptake, the temperature-dependency of the
closest relative uptake rate was used as an approximation. The temperature-dependency
of protein activity was used to approximate amino acid uptake and the temperature-
dependency of butyrate activity was used to estimate the change in valerate activity with
decreasing temperature. The Ks values were kept constant for all operational periods at the
ADM1 default values.
(c) The biomass decay rate was altered to be a function of temperature based on the method-
ology proposed by Siegrid et al [65]. The parameters IT,bac and IT,arc were created and
assigned to decay rates associated with bacteria and archea respectively. This inclusion
was supported by a comparison of the qPCR results from S2 (refer Section 6.4.1) and
the ADM1 predictions for different operational phases indicated that there were higher
concentrations of biomass present in the S2 reactor than those determined by ADM1 with
no kdecay change.
(v) The experimental reactor (S2) continuous operations were simulated in the temperature-modified
ADM1 model using experimental input data (e.g. organic loading) and operating conditions (e.g.
operating temperature at 37, 25 and 15°C).
(vi) The model outputs were compared to the S2 experimental continuous data during the four
different operational phases to assess the utility of the modified model for predicting continuous
performance of psychrophilic AD operations.
A similar approach was adopted for modelling the pig manure system. The ADM1 model calibrated
for sewage sludge at 37°C was adapted to simulate the pig manure system by adjusting the uptake
process rates. The uptake rates for each metabolic step were also altered to be a function of temperature
through the inclusion of an additional inhibition factor based on experimental batch activity data from
(iii) (e.g. IT ,ac). Table 5.4 details the relative rates based on experimental batch activity defined as the
ratio of kinetic rate relative to the uptake process rate for PM at 37°C.
The normalized root mean square error (NRMSE) was used as a measure of the degree of model
simulation accuracy (root mean square error (RMSE)), expressed as the percentage of maximum
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Table 5.3: Values for kinetic constants used in ADM1 sewage sludge reactor simulations. Comparison
of ADM1 default and fitted kinetic constant values based on activity assays conducted at 37 °C with
inoculum from sewage sludge continuous reactors on day 183 of operations. The relative kinetics were
incorporated into the S2 continuous reactor model to account for the reduction in kinetic rate at lower
operating temperature. These relative values were derived from activity assays.
Specific Activity ADM1 default km Fitted km Relative rate
37 °C 25 °C 15 °C
Cellulose khyd 0.28 0.25 1 0.79 0.35
Gelatine khyd 0.28 0.59 1 0.55 0.38
Oleic Acid km, f a 6 6 1 0.40 0.13
Glucose km,su 30 20 1 0.86 0.16
Butyrate km,c4 20 10 1 0.60 0.31
Valerate km,c4 20 NA 1 0.60 0.31
Propionate km,pro 13 6 1 0.55 0.19
Formate km,h2 35 35 1 1.00 0.15
Acetate km,ac 8 4 1 0.92 0.25
Table 5.4: Values for relative kinetic constants used in ADM1 pig manure reactor simulations. The
relative kinetics were incorporated into the P1 and P2 continuous reactor models to account for the
changes in kinetic rate for different feedstock and operating temperature. Values were derived from
pig manure batch activity assays at 37, 25, and 15°C and defined as the ratio of kinetic rate constant to
the calibrated kinetic rates for sewage sludge at 37°C
Specific Activity Relative rate
37 °C 25 °C 15 °C
Cellulose khyd 1.26 0.71 0.35
Gelatine khyd 0.63 0.51 0.23
Oleic Acid km, f a 0.53 0.41 0.09
Glucose km,su 1 0.63 0.12
Butyrate km,c4 1.13 0.78 0.34
Valerate km,c4 1.13 0.78 0.34
Propionate km,pro 1.26 1 0.09
Formate km,h2 1.29 1.14 0.2
Acetate km,ac 1 1 0.21
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Values below 100 indicate that the model prediction error is within the range of observed data variability
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Figure 5.1: Approach for modelling continuous reactor data. i) Calibration of ADM1 model with con-
trol continuous reactor data, ii)Parameter estimation for metabolic process kinetics through simulation
batch activity assays at 37°C, iii) Incorporating the temperature-dependency of process kinetics from rel-
ative rates derived from batch activity assays, iv) Modifying ADM1 to include temperature-dependency,
v) Simulate experimental reactor operating at different temperatures, vi) Compare simulation with
experimental data.
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5.4 Results and discussion
5.4.1 Continuous reactors
Organic removal
Process performance during the four operational phases is illustrated in Figure 5.2 - 5.3 for the SS
system and Figures 5.4 - 5.5 for the PM system. During Phase I steady baseline performance at 37°C
was achieved for all four reactors. During the baseline period, the experimental and control reactors
within each set achieved statistically similar process performance. Feedstock heavily influenced
process performance throughout all operational phases. The SS system and the PM system were
affected by the reduced operating temperature differently and experienced different levels of increased
process risk. The following section explores each of these two systems separately.
Sewage sludge system
Stable process performance was achieved in the SS system during phase I. The methane production
was 1300 ± 500 ml CH4 d-1(241 ± 98 ml CH4 gVS-1), the COD removal was 50 ± 3% and the
VFA concentration was below 100 mg L-1 for both the control and experimental reactors. When
the operating temperature was lowered from 37 to 25°C during Phase II, there was no statistically
significant reduction in process performance for the experimental reactor (S2) compared to the control
(S1) (P ≥ 0.45). At this lower operating temperature methane production was maintained at 1530 ±
300 ml CH4 L-1 d-1(200 ± 101 ml CH4 gVS-1), COD removal at 49 ± 5% and VFA concentrations
below 100 mg L-1.
When the operating temperature was reduced further to 15°C during Phase III, there was an observed
reduction in methane production and COD removal. Additionally the VFA concentration and in
particular propionate concentration rose in the effluent. A new steady state was unable to be established
even after 4 SRT-equivalent cycles. In order to establish steady-state conditions at 15°C, the OLR was
lowered to 1 kgVS m3 d-1. After the OLR was reduced in Phase IV, S2 achieved a new steady-state
performance after 3 SRT-equivalent cycles (90 days). These new stable conditions operated at a slightly
lower COD removal efficiency (42 ± 7 %) than the control. Methane production was reduced to
990 ± 400 ml CH4 d-1. The actual methane production will be higher however, when considering
the portion of methane solubilised within the effluent stream (increased solubility of methane in the
effluent at 15°C 0.027 gCH4 kgH2O-1 compared to 0.017 gCH4 kgH2O-1 at 37°C). There was reduced
methane conversion from sewage sludge at the lower operating temperatures with increased solids in
the effluent (from 20 to 25 g L-1) and increased proportion of volatile solids (from 70 to 74%). This
reduced stabilisation was also confirmed by the 20% increase in residual degradability in the 15°C
effluent compared to the 37°C effluent (refer Figure B.2).A summary of performance data for the
continuous bench-scale reactors treating mixed sewage sludge is shown in the Appendix Table B.1; the
data in these tables is the average (and 95% CI) of all data points from each operational phase.
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S2 : 15°CS2 : 25°CS2 : 37°C
Phase I Phase II Phase IVPhase III
OLR : 1.5 g VS L-1 d-1 OLR : 1 g VS L-1 d-1
Phase I Phase II Phase IVPhase III








































































































Figure 5.2: Process performance of the SS bench-scale continuous stirred tank reactors during the
four operational phases. Methane production (Figure A), volatile solids (Figure B) and COD removal
(Figure C) for the control and experimental reactor. The control reactor (S1) is represented by white
square marker and dashed black line. The experimental reactor (S2) is represented by black circle
marker and solid black line. The SS feed is represented by grey triangle marker and grey solid line.














































































S2 : 15°CS2 : 25°CS2 : 37°C
Phase I Phase II Phase IVPhase III
OLR : 1.5 g VS L-1 d-1 OLR : 1 g VS L-1 d-1
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Figure 5.3: Soluble COD and VFA profiles for the control and experimental reactor for the SS system during
the four operational phases. Figure A displays the soluble COD concentration of the SS feed, control reactor
effluent and experimental reactor effluent. The control reactor (S1) is represented by white square marker and
dashed black line. The experimental reactor (S2) is represented by black circle marker and solid black line. The
SS feed is represented by grey triangle marker and grey solid line. The VFA profiles for the control reactor
(Figure B) and experimental reactor (Figure C) display concentrations of acetate, propionate, butyrate, valerate
and hexanoate during the four operational phases
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Pig manure system
Similar to the SS system, the process performance of the PM system was impacted by the reduction
in operating temperature from 37 to 15°C. However the reduction in process performance at lower
operating temperatures was more severe for the PM system compared to the SS system.
For the control reactor (P1) and experimental reactor (P2) stable operating performance at 37°C was
achieved with baseline methane production at 2400 ± 500 ml CH4 d-1((362 ± 104 ml CH4 gVS-1)),
COD removal 55 ± 5% and VFA concentration below 100 mg L-1(P ≥ 0.28). In Phase II when the
operating temperature in the experimental reactor was lowered from 37 to 25°C, a new steady state
was established after 3 SRT-equivalent cycles. At 25°C the average methane production reduced to
1900 ± 400 ml CH4 d-1 (301 ± 94 ml CH4 gVS-1) and the COD removal was statistically lower than
the control averaging 51 ± 4 % (P = 0.01). The soluble COD and VFA profiles remained low and
statistically similar to the 37°C control reactor. The low concentration of intermediates suggest that the
reduced methanisation of PM at 25°C was limited by the rate of hydrolysis at the given experimental
conditions (20 day SRT, 1.5 OLR).
The process performance of the PM experimental reactor (P2) reduced significantly as a result of
the operating temperature being lowered from 25 to 15°C in Phase III. The reduction in process
performance was more severe in PM system (P2) compared to the SS system (S2). During Phase III,
the methane production reduced by 20%, COD removal efficiency reduced by 9% and effluent TS
concentration increased by 9% in the experimental reactor (P2) compared to the control reactor (P1).
As illustrated in Figure 5.5C the VFA concentrations accumulated in the experimental reactor (P2)
with peaks of propionate, acetate, butryrate and valerate being measured. Failure to establish new
steady-state conditions after 4 SRT-equivalent cycles resulted in the OLR being reduced to 1kgVS m-3
d-1. At this lower OLR, a new steady state was reached in Phase IV after 4 SRT–equivalent cycles.
The process performance at 15°C in Phase IV was significantly lower than the control (P1). The
experimental reactor (P2) methane production (800 ± 200 ml CH4 d-1/146 ± 87 ml CH4 gVS-1) and
COD removal (43 ± 5%) was statistically lower than the control (P1) (P < 0.05). Additionally the
residual methane test indicated a 25% increase for 15°C effluent compared to 37°C effluent (refer
Figure B.2). Whilst a form of steady state was reached, the increase in propionate after 500 days
indicates that the sensitivity of the PM system and its susceptibility to process risk when operating
at low temperatures. The process performance was assessed by conducting a COD balance. The
theoretical methane production derived from the reactor COD balance is plotted with the actual
methane production in Appendix Figure B.1. A summary of performance data for the continuous
bench-scale reactors treating PM is shown in the Appendix Table B.2; the data in these tables is the
average (and 95% CI) of all data points from each operational phase.
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S2 : 15°CS2 : 25°CS2 : 37°C
Phase I Phase II Phase IVPhase III
OLR : 1.5 g VS L-1 d-1 OLR : 1 g VS L-1 d-1
Phase II Phase IVPhase III








































































































Figure 5.4: Process performance of the PM bench-scale continuous stirred tank reactors during the four
operational phases. Methane production(Figure A), volatile solids (Figure B) and COD removal (Figure C) for
bench-scale continuous stirred tank reactors fed with pig manure. The control reactor(P1) is represented by
white square marker and dashed black line. The experimental reactor (P2) is represented by black circle marker
and solid black line. The PM feed is represented by grey triangle marker and grey solid line.



























































































































S2 : 15°CS2 : 25°CS2 : 37°C
Phase I Phase II Phase IVPhase III
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Figure 5.5: Soluble COD and VFA profiles for the control and experimental reactor for the PM system during
the four operational phases. Figure A displays the soluble COD concentration of the PM feed, control reactor
effluent and experimental reactor effluent. The control reactor(P1) is represented by white square marker and
dashed black line. The experimental reactor (P2) is represented by black circle marker and solid black line. The
PM feed is represented by grey triangle marker and grey solid line. The VFA profiles for the control reactor
(Figure B) and experimental reactor (Figure C) display concentrations of acetate, propionate, butyrate, valerate
and hexanoate during the four operational phases.
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BMP results and residual degradability
BMP results for the SS and PM systems conducted during the steady-state of phase I, II and IV are
presented in Figure 5.6 and Table 5.5. The ultimate specific methane presented at each operating
temperature is comparable to the specific methane potential achieved in the continuous reactors at
the time of the test for both feedstock systems. For the SS system, the specific methane production
was similar for 37 and 25°C at 288 ± 30 and 277 ± 42 ml CH4 gVS-1 respectively, decreasing to 173
± 35 ml CH4 gVS-1 at 15°C. For the PM system, the BMP results indicated a reduction in methane
potential with decreasing temperature from 324 ± 18 ml CH4 gVS-1 at 37°C to 286 ± 32 ml CH4 gVS-1
at 25°C and 240 ± 48 ml CH4 gVS-1 at 15 °C. Whilst methane solubilisation can account for a portion
of the reduced methane potential at lower temperatures, the degradable fraction(fd) also appears to
decrease with temperature (refer to SS Feed and PM Feed fd values in Table 5.5 ). The reduction in the
degradable fraction of SS and PM suggested by the BMP results is further supported by the residual
degradability measurements detailed in Appendix Figure B.2. For both feedstock systems although the
residual degradability increased at 15 °C compared to 37°C, the overall degradable fraction decreased.
The degradable fraction (fd) has often been considered a constant substrate property [142]. Whilst the
degradable fraction can be assumed constant for simple substrates at constant environmental conditions,
when analysing complex substrates this assumption needs to be critically assessed. Temperature
can change the physical, chemical and biological composition of complex substrates and impact
substrate bioavailability. Additionally temperature impacts microbial community composition and
diversity which can influence functional capacity (this will be discussed in detail in Chapter 6). These
temperature-dependent changes in microbial functional capacity and substrate bioavailability can
impact the degradable fraction (fd) of complex substrates.
The observed change in degradable fraction of both SS and PM with temperature impacts the degradable
organic loading rate (fd*OLR). In Phase I (37 °C, 1.5 kgVS m-3 d-1) the degradable OLR was higher
for the SS system being approximately 1.02 kgVS m-3 d-1 compared to 0.87 kgVS m-3 d-1 for the PM
system. However in Phase IV(15 °C, 1 kgVS m-3 d-1) the degradable OLR was higher for the PM
system being approximately 0.43 kgVS m-3 d-1 compared to 0.38 kgVS m-3 d-1 in the SS system. This
higher degradable OLR in Phase IV for the PM system may have contributed to the greater process
instability and VFA accumulation observed in the PM system at 15 °C compared to the SS system.
Overall for both feedstock systems the CSTR process performance, BMP tests and residual methane
test results indicate a reduction in process capacity when operating at 15°C (Phase IV) compared to 25
and 37°C.











































































































Figure 5.6: Biomethane potential curves for sewage sludge (A) and pig manure (B) at 37, 25 and
15°C using temperature-adapted inoculum sourced from bench-scale laboratory reactors. Cumulative
methane production from residual degradation tests from temperature adapted digested sourced from
sewage reactors (C) and pig manure reactors (D).
Table 5.5: Comparison of degradation parameters for feed and digestate of SS and PM systems
operating at 37, 25 and 15°C
khyd fd B0
(d−1) ml CH4 g VS−1
SS Feed 37°C 0.45±0.08 0.68±0.03 288±30
SS Feed 25°C 0.2±0.04 0.61±0.05 277±42
SS Feed 15°C 0.07±0.05 0.38±0.09 173±35
SS Digestate 37°C 0.07±0.03 0.15±0.02 68±4
SS Digestate 25°C 0.05±0.05 0.18±0.03 70±6
SS Digestate 15°C 0.03±0.02 0.20±0.03 72±10
PM Feed 37°C 0.30±0.05 0.58±0.04 324±18
PM Feed 25°C 0.26±0.05 0.51±0.05 286±32
PM Feed 15°C 0.05±0.05 0.43±0.07 240±48
PM Digestate 37°C 0.04±0.03 0.20±0.02 112±5
PM Digestate 25°C 0.06±0.05 0.17±0.03 95±4
PM Digestate 15°C 0.03±0.02 0.14±0.01 79±8
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Nutrients
Sewage sludge system
Figure 5.7 details the nutrient balance for the SS Feed, S1 control reactor (37°C) and S2 experimental
reactor during operations at 37, 25 and 15°C. Throughout all four operational phases, the TKN
concentration of the SS feed, S1 control effluent and S2 experimental reactor effluent was maintained
at 2200 ± 400 mg L-1 which is in the typical range for mixed sludge [29]. The alignment of the
influent and effluent TKN measurements ( Figure 5.7B) confirm the mass balance for both the control
and experimental reactor throughout the four operational phases.
The TAN concentration of the SS Feed and S1 effluent averaged 390 ± 160 mg L-1 and 1030 ± 130
mg L-1 throughout the four operational phases. The higher TAN concentration in the effluent (S1)
compared to the influent (SS Feed) displayed in Figure 5.7A is due to the production of ammonia
during protein digestion.
During Phase I, the control and experimental reactors were operated at 37 °C and both reactors
demonstrated statistically similar TAN concentrations (930 ± 80 mg L-1). When the operating
temperature was reduced to 25°C in S2 during Phase II, the TAN concentration reduced by 18% and
became statistically different from S1 after only 2 SRT-equivalent cycles averaging 860 ± 40 mg
L-1. During Phase III and Phase IV when the operating temperature was reduced to 15°C, the TAN
concentration further reduced by 10% averaging 770 ± 100 mg L-1.
The concentration of phosphate and total phosphorus remained in typical range for mixed sludge [143]
and did not appear correlated with temperature, aligning more closely with the fluctuations in feed
concentrations throughout the four operational phases.
Pig manure system
Figure 5.8 details the nutrient balance for the PM system operated at 37, 25 and 15 °C. Throughout
all four operational phases, the TKN concentration of the PM Feed, P1 Control effluent and P2
experimental reactor effluent was maintained at 1900 ± 300 mg L-1. The alignment of the influent
and effluent TKN and TP measurements ( Figure 5.8B and D ) confirms the mass balance for both the
control (P1) and experimental reactor (P2) throughout the four operational phases.
Similar to the SS system, the concentration of TAN in the experimental reactor (P2) reduced relative
to the control reactors (P1) as the operating temperature was reduced (refer Figure 5.8 A ). A 10%
reduction was observed in Phase II when the operating temperature was dropped to 25°C. A further
5% reduction was measured in Phases III and IV when the operating temperature was reduced further
to 15°C .
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Figure 5.7: Nutrient balance for the SS system during the four operational phases. Concentration of Total
Ammonia Nitrogen (TAN - Figure A), Total Kjeldehl Nitrogen (TKN - Figure B), Phosphate (PO4- Figure C)
and Total Phosphorus (TP - Figure D) in the SS Feed, control reactor effluent (S1) and experimental reactor
effluent (S2) during the four operational phases. The control reactor (S1) is represented by white square marker
and dashed black line. The experimental reactor (S2) is represented by black circle marker and solid black line.
The SS feed is represented by grey triangle marker and grey solid line.
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Figure 5.8: Nutrient balance for the PM system during the four operational phases. Concentration of Total
Ammonia Nitrogen (TAN - Figure A), Total Kjeldehl Nitrogen (TKN - Figure B), Phosphate (PO4- Figure C)
and Total Phosphorus (TP - Figure D) in the PM Feed, control reactor effluent (P1) and experimental reactor
effluent (P2) during the four operational phases. The control reactor (P1) is represented by white square marker
and dashed black line. The experimental reactor (P2) is represented by black circle marker and solid black line.
The PM feed is represented by grey triangle marker and grey solid line.
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Correlation between reduced TAN and reduced COD removal
Both SS and PM systems exhibited a reduction in TAN concentration whilst operating at lower
temperatures. COD removal was also observed to decrease at lower temperatures in both systems
(refer Figure B.5 in Appendix B). This lower TAN concentration could have resulted from decreased
substrate degradation at lower temperatures reducing TAN production. SS and PM systems exhibited
similar behaviour between TAN/TKN ratio and COD removal.
Ammonia inhibition
In addition to the change in TAN, the temperature dependence of the ammonia/ammonium equilibrium
results in a change in speciation at the lower operating temperature. This reduced exposure to TAN and
free NH3 concentration at lower temperatures could be a contributing factor to the reduced tolerance to
ammonia for aceticlastic methanogenesis measured at 25 and 15°C compared to 37°C (refer Appendix
Figure B.6). Modelling suggested that at lower operating temperature the threshold free ammonia
concentration as well as tolerance range (concentration range between KIupper and KIlower) was
reduced as the operating temperature decreased (refer Figure B.7A). The temperature-dependency of
ammonium ion inhibition was different for each feedstock system. The SS system exhibited similar
inhibitory ranges at all temperatures, however a decreasing trend was observed for the PM system with
the threshold TAN concentration decreased from 3700 mg L-1 at 37°C to 600 mg L-1 at 15°C. The
TAN concentrations in all reactors were consistently lower than the threshold concentration during all
operational phases. The free ammonia concentrations averaged 40
Therefore the continuous reactor performance of both systems was not inhibited by ammonia or
ammonium ion in any operational phase.
Metals
Table B.3 and B.4 in the Appendix detail the concentrations of metals and selected elements for the SS
and PM systems operated at 37, 25 and 15°C. In both systems, the balanced feed and effluent metal
concentrations confirm the system mass balance. The effluent concentrations of arsenic, cadmium,
copper, lead, molybdenum, nickel, selenium and zinc are within the pollutant limits for land-application
for both systems at all operating temperatures [144].
For the SS system, the control and experimental effluent total sulfur concentrations were statistically
similar (P = 0.10 > 0.05) during all four operational phases and indicated on average 20 ± 10%
of sulfur was removed during reactor operations. Regarding cations, there were no statistically
significant differences in potassium (K), calcium (Ca) and magnesium (Mg) concentrations between
the experimental and control reactors recorded when operating at lower temperatures (P≥ 0.19). K and
Ca were statistically similar to the feed concentration (P≥ 0.08), however Mg was statistically lower in
the effluent (P = 7.8 x 10-8) suggesting on average 41± 18% of the Mg entering the reactor precipitated
in either the reactor lines or on the agitator. This precipitation was confirmed with struvite being
visually noted in both control and experimental reactors during the reactor cleaning after operations
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ceased.
For the PM system, the control and experimental effluent total sulfur concentrations were statistically
similar (P = 0.31) when operating at 37 and 25°C, however statistically different when the experimental
reactor was operating at 15°C (P = 0.01). Sulfur reduction averaged 32 ± 13 % at 37 and 25°C,
however decreased to 15 ± 13 % at 15°C. Similar trends to the SS system were observed for cations
in the PM system. K and Ca were statistically similar to the feed concentration (P = 0.40), however
Mg was statistically lower in the effluent (P = 0.004) suggesting on average 32 ± 19% of the Mg
entering the reactor precipitated in either the reactor lines or on the agitator. Similar to the SS system,
precipitation was confirmed with struvite being visually noted in both control and experimental reactor
system agitator and liquid lines during cleaning after ceasing operations.
5.4.2 Metabolic kinetic balance
Figure 5.9 and 5.10 illustrate the relative activity kinetics and rate limiting step for the SS and PM
systems whilst operating at 37, 25 and 15°C. The metabolic kinetics are represented by the monod
rate constant (km) measured in gCOD gVSinoculum-1d-1. The thickness of the line represents the
magnitude of the kinetic rate for nine individual metabolic processes characterised within the four key
metabolic steps of hydrolysis, acidogenesis, acetogenesis and methanogenesis. The thicker the line for
a given metabolic process, the faster the metabolic kinetic rate. The rate limiting step is illustrated
as the metabolic process with the thinnest line within the system. For example in the SS 37°C
system, propionate degradation is the thinnest line among the intermediate metabolic process steps,
representing that propionate degradation is the rate limiting step for this system. Comparing Figures
5.9 and 5.10 illustrates that both feedstock and temperature impact the balance between upstream
and downstream metabolic kinetic rates as well as the rate limiting step in psychrophilic-mesophilic
anaerobic digestion.
Hydrolysis has often been stated as the rate-limiting step potentially due to mass transfer and extracel-
lular enzyme limitations [108, 114]. In this study based on model substrates however, lipid hydrolysis
was the only hydrolysis step identified as rate limiting. For all systems the rate of hydrogenotrophic
methanogenesis (HM) is lower than reported in literature [11, 108]. This low HM rate will be ad-
dressed in Chapter 6. For the purpose of this chapter, although HM appears low in magnitude it is not
considered to be rate-limiting due to the dominance of the alternative aceticlastic methanogenic (AM)
pathway, as detailed in Section 6.4.2.
Process capacity, defined as the magnitude of the rate limiting step, decreased with temperature for
both feedstock systems. For the SS system process capacity decreased by approximately 50% when
the operating temperature was decreased from 37°C to 25°C and a further 70% decrease when the
operating temperature decreased to 15°C (85% decrease in capacity from 37 to 15 °C). The PM
system displayed a similar overall reduction in process capacity of 86% when comparing systems
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operating at 37°C and 15°C. However for the PM system, process capacity decreased by approximately
24% when the operating temperature was decreased from 37°C to 25°C and a further 82% decrease
when the operating temperature decreased to 15°C. This relative reduction in process performance
at lower temperatures corroborates the work of Pham et al [145] who investigated pig manure AD at
psychrophilic conditions and noted a 29% reduction at 25°C and 81% reduction at 15°C compared to
mesophilic conditions.
In both feedstock systems, the kinetic rate for protein and carbohydrate hydrolysis was often faster than
downstream processes with propionate degradation being rate limiting. For the SS system process risk
from protein-based substrates was statistically similar at 37°and 25°C, however increased by 100 %
when the operating temperature was reduced to 15 °C. For carbohydrate-based substrates, the process
risk increased linearly with decreasing operating temperature with an increased process risk of 45%
and 85% at 25°C and 15°C respectively compared to 37°C. For the PM system, the process risk at 37
and 25°C was statistically similar, however increased significantly by 420% and 470% respectively
for protein and carbohydrate-based substrates when the operating temperature was lowered to 15°C.
Overall, psychrophilic AD presents higher process risk compared to mesophilic AD systems, with the
extent of process imbalance being strongly determined by feedstock.
Sewage sludge system
37°C activity profile
At 37°C, propionate degradation is the slowest metabolic process for protein-based and soluble
substrates which corroborates work by [146]. Upstream and downstream process kinetic rates are
balanced or hydrolysis limited for carbohydrate and lipid-based substrates. Protein-based substrates
however present a process risk with protein hydrolysis was measured to be 3.5 times faster than
propionate degradation and 2.5 times faster than aceticlastic methanogenesis. Carbohydrate hydrolysis
was balanced with downstream processes and lipid hydrolysis kinetic rate was measured to be slower
or of similar rate to downstream processes. These finding support the work of Peces et al [140] that
found balanced upstream/downstream process rates for inoculum sourced from the same WWTP
mesophilic anaerobic digester operating at 37°C and 24 day retention time and treating similar mixed
sludge (50% primary and 50% secondary sludge on VS basis) as the lab-scale SS CSTRs in this study.
Comparable rates were measured for carbohydrate hydrolysis and downstream metabolic processes
(km,carb = 0.07, km,pro = 0.06, km,ac = 0.06, km,h2 = 0.08) [140].
25°C activity profile
At 25°C, lipid hydrolysis and propionate degradation are the rate limiting steps. Whilst the absolute
process rates reduced 20-30% compared to 37°C, the relative process rates between upstream and
downstream remained statistically similar with only two exceptions. The relative rate of protein
hydrolysis to acetoclastic methanogenesis reduced to 1.5, however the greater process risk from protein
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Figure 5.9: Activity profile for SS system operating at 37°C (top), 25°C (middle) and 15°C (bottom).
The thickness of the line represents the magnitude of the monod kinetic rate (km) for the given metabolic
step as measured by the experimental activity assays using temperature-adapted inoculum from the
bench-scale continuous stirred tank reactors fed with mixed sewage sludge.
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Figure 5.10: Activity Profile for PM system operating at 37°C (top), 25°C (middle) and 15°C (bottom).
The thickness of the line represents the magnitude of the monod kinetic rate (km) for the given metabolic
step as measured by the experimental activity assays using temperature-adapted inoculum from the
bench-scale continuous stirred tank reactors fed with pig manure.
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hydrolysis remained constant at 3.5 times faster than propionate degradation. Comparatively, the
process risk from carbohydrate-based substrates increased at 25°C compared to 37°C with carbohydrate
hydrolysis occurring twice as fast as propionate degradation. Lipid hydrolysis was rate-limiting and
slower than all downstream processes.
15°C activity profile
Similar to 25°C, lipid hydrolysis and propionate degradation are the rate limiting steps at 15°C.
At 15°C, however, the reduction in process capacity with lower km values is compounded with a
significant increase in process risk from a greater imbalance in relative kinetic rates between upstream
and downstream metabolic processes. The imbalance between downstream propionate degradation
and both protein and carbohydrates hydrolysis doubled at 15 °C compared to relative rates at 25°C.
The ratio of protein hydrolysis to downstream acetoclastic methanogenesis also increased to 3.5. Lipid
hydrolysis, however remained rate-limiting and slower than downstream processes at 15 °C.
Pig manure system
37°C activity profile
For the PM system at 37°C, lipid hydrolysis is the rate limiting step, carbohydrate hydrolysis is in
balance with downstream processes and protein-based substrates present a moderate process risk. The
kinetic rate for protein hydrolysis is 1.5-1.7 times faster than the rate for downstream acetogenesis and
methanogenesis. The kinetic rate for carbohydrate hydrolysis however is similar or slower (0.7-1) than
the kinetic rate for downstream processes. Lipid hydrolysis is the rate limiting step and hence slower
than downstream processes.
A different metabolic balance was detailed by Peces et al [140] for activity assays conducted at
37°C using inoculum sourced from the sludge layer of a semi-covered piggery lagoon operating at
ambient temperature (20°C). Carbohydrate hydrolysis (km,carb =0.04) was faster than downstream
propionate (km,pro = 0.03) and hydrogenotrophic methanogenesis (km,h2 = 0.02), however comparable
to aceticlastic methanogenesis (km,ac = 0.06). The discrepancy between the metabolic process balance
work of Peces et al [140] and this study for PM systems at 37°C suggest that reactor configuration
(lagoon vs CSTR), operating conditions (ambient vs temperature-controlled 37°) and feedstock impact
the metabolic process balance.
25 °C activity profile
The activity profile of the PM system at 25°C is similar to 37°C with lipid hydrolysis being the
rate limiting step, carbohydrate hydrolysis being in balance with downstream process steps and
protein-based substrates presenting a moderate process risk.
15 °C activity profile
The activity profile of the PM system at 15°C indicates a significant reduction in process capacity
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with a decrease in absolute km values for all metabolic process steps. Lipid hydrolysis and propionate
degradation remained the rate-limiting steps. In addition to the reduced capacity there was a notable
increase in process risk and imbalance between upstream and downstream process kinetic rates.
Significant reduction in acetogenesis and methanogenesis kinetic rates at 15°C lead to greater imbalance
between protein and carbohydrate hydrolysis and downstream processes compared to 25 and 37°C.
Comparison of upstream downstream process kinetics for SS and PM systems
Figure 5.11 illustrates the relative kinetic rate of upstream hydrolysis processes and downstream
acetogenesis and methanogenesis processes for SS systems and PM systems operating at 37, 25
and 15°C. For both SS and PM systems, higher ratios were observed at 15°C compared to 37 and
25°C suggesting greater susceptibility to VFA accumulation and less tolerance for shock loading at
psychrophilic temperatures. Comparing the two feedstock systems, higher ratios were observed for the
SS system compared to the PM system at 37 and 25°C. However at 15°C, the PM system displayed
higher ratios and greater process risk.
For the SS system, downstream limitations were indicated for protein-based substrates at all three
operating temperatures. Protein hydrolysis was 3.5 times faster than propionate degradation at both 37
and 25°C. This imbalance doubled at 15°C with protein hydrolysis being 7 times faster than propionate
degradation. Protein hydrolysis was 2.3 and 3.5 times faster than aceticlastic methanogenesis at 37 and
15°C respectively. The ratio between carbohydrate hydrolysis and propionate degradation increased
with reduced temperature from 1.2 at 37°C to 2.4 at 15°C. This indicates an increasing process risk
from carbohydrate-based substrates as the operating temperature decreases from 37 to 15°C.
PM systems operating at 37 and 25°C were balanced with all upstream/downstream ratios less than 2.
At 37°C, protein hydrolysis was faster, carbohydrate hydrolysis was approximately equal and lipid
hydrolysis was slower than downstream process rates. At 25°C, whilst protein hydrolysis was 1.7
times faster than propionate degradation, the overall system was upstream limited with all other ratios
being less than or approximately equal to 1. At 15°C, however, the balance of the PM system changed
significantly and became limited by downstream metabolic processes. The rate of protein hydrolysis
was 9 times faster than propionate degradation and 2.5 times faster than aceticlastic methanogenesis.
Carbohydrate hydrolysis was 5 times as fast as propionate degradation and 1.4 times faster than
aceticlastic methanogenesis. These high ratios indicate a significant imbalance between upstream
and downstream process rates. This imbalance suggests that when operating at 15°C, the PM system
is susceptible to process risk as demonstrated by the increased VFA accumulation in the P2 reactor
during Phases III and IV.
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Temperature dependency of metabolic kinetics
Figure 5.12 details the temperature-dependency trends associated with each metabolic process step in
the SS and PM systems. The values given in Figure 5.12 are relative to rates measured at 37°C. Figures
displaying absolute km values are illustrated in Figure B.8 in the Appendix. These figures highlight
that each trophic group displaced a unique relative sensitivity to temperature and that feedstock-type
impacted temperature sensitivity. In general the reduction in activity for all metabolic steps was greater
when the operating temperature was dropped from 25 to 15°C compared to the initial temperature
reduction from 37 to 25°C. This finding supports the previous work by Bohn et al [147] that stated that
the rate of hydrolysis especially decreased at temperatures below 25°C and that acidogenesis became
process limiting at psychrophilic temperatures.
An arrhenius relationship has often been used to describe the temperature dependency of metabolic
kinetics [40,60,73]. However as illustrated in Figure B.8 the arrhenius equation was unable to describe
the temperature-dependence of these mix-culture systems over the temperature range measured and

























































































































































Figure 5.12: Temperature dependency of metabolic kinetics for hydrolysis (a), acidogenesis(b),
acetogenesis(c) and methanogenesis (d) for SS (solid line) and PM (dashed line) anaerobic digestion
systems in the temperature range 15-37°C. kinetic rate relative to 37°C kinetics are plotted against
temperature.
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1. Hydrolysis
The rate of protein, carbohydrate and lipid hydrolysis was different for both feedstock systems
and affected by temperature differently.This highlights the importance of feedstock composition
to digestion kinetics and ultimately the rate of methane production. The notion that feedstock
hydrolysis rate is a function of its composition was promoted by previous authors [140,148]. The
composition of different feedstocks dictate different metabolic pathways and different digestion
kinetics. This is of particular importance when considering co-substrate selection for anaerobic
co-digestion.
• Carbohydrate hydrolysis
There was a greater impact from reduced temperature on carbohydrate hydrolysis in the PM
system compared to the SS system at 25°C, however a statistically similar reduction was
observed for both systems at 15°C. In the SS system, the metabolic rate of carbohydrate
hydrolysis was reduced by approximately 20% at 25°C and 65% at 15°C compared to
37°C. In the PM system, the carbohydrate hydrolysis reduced by approximately 50% at
25°C and 70% at 15°C compared to 37°C
• Protein hydrolysis
A greater reduction in protein hydrolysis rate was observed for SS system compared to PM
system at 25°C, however a similar reduced rate was observed for both systems at 15°C. At
25°C, protein hydrolysis was reduced by 20% and 50% compared to 37°C for SS and PM
systems respectively. At 15 °C a 60% rate reduction in protein hydrolysis was observed for
both SS and PM systems.
• Lipid hydrolysis
The SS system exhibited a greater relative decrease in lipid hydrolysis rate (-60%) at
25°compared to the PM system (-25%). At 15 °C, both systems exhibited a severe 85%
reduction in lipid hydrolysis activity compared to 37°C.
2. Acidogenesis
For all three temperatures in both feedstock systems the kinetic rate of fermentation was a
magnitude higher than any other metabolic process. This is in agreement with previous studies
and due to the functional redundancy of the microbial consortia with the majority of anaerobic
bacteria able to perform fermentation [149].
• Glucose fermentation
For both SS and PM systems, there was no statistical difference between the glucose
fermentation rate at 37 and 25°C and a 85-90% reduction in glucose fermentation activity
at 15°C.
• Glycerol fermentation
The SS and PM systems exhibited different temperature responses for glycerol fermentation
rate. In the SS system the glycerol fermentation rate reduced by 40% when the operating
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temperature reduced from 37°C to 25°C and reduced 80% at 15°C. For the PM system,
there was no statistical difference between rates measured at 25 and 37°C, however there
was a 70% reduction in rate when the operating temperature reduced to 15°C.
3. Acetogenesis
Acetogenesis was observed to be the rate-limiting step for SS and PM system operating at low
temperatures. Whilst the absolute values of the kinetic rates were greater for butyrate compared
to propionate, both butyrate and propionate metabolic rates were significantly affected by the
drop in temperature.
• Butyrate degradation
The different feedstock systems displayed different responses to reduced temperature for
butyrate degradation. In the SS system, butyrate degradation reduced by 50% at 25°C and
80% reduction at 15°C. In the PM system butyrate degradation reduced by 20% between
37 and 25°C and reduced by 95% at 15°C.
• Propionate degradation
Whilst at 25°C the reduction in propionate degradation was greater for SS compared to
PM system (30 vs 40% respectively), both systems exhibited a similar 70% reduction in
propionate degradation at 15°C.
4. Methanogenesis
A similar trend was observed for both methanogenic pathways in both feedstock systems. There
was minimal change in methanogenic activity between 37 and 25°C ( 0-15% reduction) and a
significant 75-85% reduction at 15°C.
• Acetoclastic methanogenesis
Acetoclastic methanogenesis reduced by 10% in the SS system when the temperature
was reduced from 37 to 25°C and reduced a further 75% at 15°C. For the PM system,
acetoclastic methanogenesis was statistically similar at 25 and 37°C, but reduced 80% at
15°C.
• Hydrogenotrophic methanogenesis
Although different in absolute magnitude, the relative temperature-dependency of hy-
drogenotrophic methanogenesis was similar to aceticlastic methanogenesis. Hydrogenotrophic
methanogenesis was statistically similar for the SS system when the temperature was
reduced from 37°C to 25°C and reduced by 85% at 15°C. For the PM system, hy-
drogenotrophic methanogenesis decreased by 15% at 25°C compared to 37°C and reduced
a further 70% at 15°C.





























































































































































Figure 5.13: S1 ADM1 model output for VS destruction, biogas production, VFA profile and biomass
concentrations for S1 control reactor operating at 37 °C. Comparison of experimental results (markers)
with ADM1 model predictions (solid line)


















































































































































Figure 5.14: S1 ADM1 model output for effluent total and volatile solids, effluent total and solu-
ble COD, total ammonia nitrogen and inhibition factors for S1 control reactor operating at 37°C.
Comparison of experimental results (markers) with ADM1 model predictions (solid line))
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5.4.3 ADM1 modelling
Sewage sludge control reactor - (S1)
The continuous bench-scale reactor operations for the SS control reactor (S1) were simulated in
ADM1 using parameter estimation for sewage sludge degradability. The results for S1 ( SS 37°C
control reactor) are given in Figure 5.13 and 5.14 based on sewage sludge degradability of 60 %. The
statistical error indicator NRMSE (Normalized Root Mean Square Error) was used as an index of
the performances of numerical simulation for reactor performance. The NRMSE values for the four
operational phases are detailed in Appendix Table B.6. The NRMSE values for VS Destruction (the
calibrated parameter) were below 100, indicating that the model prediction error is within the range of
experimental data variability. However the model values for biogas production, TS, VS and TCOD
were less accurate (NRMSE 115-515).Whilst the ADM1 model significantly overpredicted the values
for sCOD (NRMSE >3445), predictions of acetate and propionate concentrations were more accurate
(NRMSE 107-267). Similarly model predictions for TAN were outside the variability of experimental
data (NRMSE 117-395).
The balance of metabolic process kinetics in ADM1 is illustrated as effective k∗m [gCODs gCODi-1 d-1]
in Appendix Figure B.9. The effective k∗m was calculated as a product of the monod kinetic rate constant,
the biomass concentration and inhibitory factors [ie k∗m = km ·Xi · I] included in the ADM1 model for
each uptake process. The ratio of upstream (hydrolysis) to downstream (acetogenesis/methanogenesis)
processes in ADM1 is comparable to those derived from activity assays with sewage sludge at 37°C
(refer Figure 5.9A). In the ADM1-derived activity profile, propionate degradation is the rate-limiting
step followed by long-chain fatty acid fermentation which aligns with the experimental results for the
SS system at 37°C.
Activity simulation for S1
The activity profiles for each metabolic step were simulated in ADM1 as separate batch compartments.
The initial conditions used in the simulations were derived from the S1 continuous reactor model from
day 183, the day of initial activity testing. The simulated activity assays using default ADM1 kinetic
values are presented in Appendix Figure B.10 where they are plotted against the S1 37°C experimental
results from the activity assays conducted on day 183. The default kinetic values predicted the rate of
carbohydrate hydrolysis and simple sugar fermentation, however over-predicted the kinetic rates for
other metabolic processes.
Using the parameter estimation tool in aquasim, the km values were fitted based on the experimental
data from S1 activity assays. The fitted kinetic parameters and associated activity simulations are
presented in Table 5.3 and Figure B.11. The calibrated values for km,ac and km,prop are similar to values
identified by Ozgun et al [150] whilst calibrating ADM1 with experimental data from a full scale
mesophilic sewage sludge digester.
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Sewage sludge experimental reactor - (S2)
To determine if the temperature-dependency of metabolic kinetic rates observed in batch activity assays
(section 5.4.2 ) can be translated to continuous operations, the S1 ADM1 model (control reactor section
5.4.3) was adapted to represent S2 operations. To simulate the reactor performance of S2 throughout
the four operational phases, additional temperature-based functions were incorporated into uptake and
decay equations within ADM1 as detailed in Table 5.3 and section 5.3.5. These functions were derived
from the relative decrease in kinetics observed from batch activity assays detailed in section5.4.2.
The original simulation in ADM1 using the modified kinetic functions to account for temperature
variation yielded the results given in Appendix Figure B.12. The significant accumulation of VFAs
predicted by the model was not representative of the VFA profile observed in S2 continuous operations
(refer Figure5.3C). It was noted that the biomass concentrations in the ADM1 simulation were predicted
to be considerably lower at 15°C ( refer Figure B.12D) . The qPCR results for S2 (refer section 6.4.1),
however indicated that there were higher concentrations of biomass present in the S2 reactor than those
determined by ADM1 at 25 and 15 °C. The biomass decay rate was therefore altered to be a function
of temperature based on the methodology proposed by Siegrid et al [65].
The results of the revised ADM1 simulation for experimental reactor (S2) are illustrated in Figure
5.15 and 5.16. The normalised root mean square error(NRMSE) of the S2 ADM1 model for the four
operational phases is given in Appendix Table B.7. The accuracy of the S2 ADM1 model for VS
destruction (NRMSE 150-215), biogas production (NRMSE 99-235), VFA accumulation(NRMSE
99-235), effluent TCOD (NRMSE 105-235), TS(NRMSE 156-235),VS (NRMSE 150-200) and TAN
concentration(NRMSE 116-148) was comparable across the four operational phases. Similar to
the S1 model, the S2 model overpredicted sCOD, however to a lesser extent (NRMSE 514-1261).
Although the model exhibited reduced accuracy in predicting propionate concentrations in Phase II
(NRMSE 680) the fluctuations in VFA profile during Phase II and IV at lower temperatures were more
accurately predicted (NRMSE 120-307). The impact of temperature on the inhibition parameters in
the model were noted for free ammonia inhibition of aceticlastic methanogenesis as well as hydrogen
inhibition for propionate and butyrate degradation. As expected by the change in ammonia-ammonium
equilibrium, inhibition associated with free ammonia decreases with decreasing temperature (pink
in Figure 5.16D). The model predicted increased hydrogen inhibition associated with acetogenic
processes when operating at 15°C. Inhibition of propionate degradation is represented in green and
butyrate degradation in dark blue in Figure 5.16D.
The output of the revised model was comparable to S2 reactor experimental data, strongly suggesting
that the biomass decay rate is impacted by temperature. This reduction in biomass decay rate appears
to manage the reduced process capacity at the lower temperatures and enable a balanced net flux of
organic matter. Although the VFA concentration in S2 was stabilized, the reduction in process capacity
at lower operating temperatures indicates an increased susceptibility for VFA accumulation from shock
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loads or high organic loading rates.
The comparable ADM1 model output with experimental data for sewage sludge experimental reactor
(S2) suggests that batch-derived balance of metabolic rates can be used to describe continuous process
performance.
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Figure 5.15: ADM1 model output for SS experimental reactor (S2) operating at 37°C (day 0-223),
25°C ( day 223-371) and 15°C (day 371-660). Comparison of experimental results (circles) with
ADM1 model predictions (solid lines) are presented for fraction of VS degraded, biogas production,
VFA profile and simulated biomass concentration







































































































































Figure 5.16: ADM1 model output for SS experimental reactor (S2) operating at 37°C (day 0-223),
25°C ( day 223-371) and 15°C (day 371-660). Comparison of experimental results (circles) with
ADM1 model predictions (solid lines) for effluent TS, VS, COD, sCOD, TAN and simulated inhibition
factors.
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Pig manure control reactor - (P1)
The continuous bench-scale reactor operations for the PM control reactor (P1) were simulated in
ADM1 using parameter estimation tool based on VS-VK (van Kleeck estimate for volatile solids
destruction) in aquasim. The metabolic uptake rates in ADM1 were also adjusted based on the kinetic
constants derived from PM batch activity testing at 37 °C as detailed in Table 5.4. The results for P1 (
PM 37°C control reactor) are given in Figure 5.17 and 5.18 based on a degradable fraction of 72 %.
Appendix Table B.8 detail the NRMSE values for key parameters.
The fitted model provided a comparable output to experimental data for biogas production (NRMSE
89-135), as well as effluent TS (NRMSE 84-130), VS (NRMSE 101-208) and COD (NRMSE 125-
206). In contrast to the sewage sludge models, the P1 ADM1 model adequately predicted sCOD
concentrations(NRMSE 102-113), acetate(NRMSE 108-132) and propionate concentrations (NRMSE
99-126). The model slightly over-predicted TAN concentration(NRMSE 111-241). Overall the P1
model reflected the steady process performance of the PM control reactor.


























































































































































Figure 5.17: ADM1 model output for PM control reactor (P1) operating at 37°C. Comparison of
experimental results (circles) with ADM1 model predictions (solid lines) are presented for fraction of
VS degraded, biogas production, VFA profile and simulated biomass concentration.





































































































































Figure 5.18: ADM1 model output for PM control reactor (P1) operating at 37°C. Comparison of
experimental results (circles) with ADM1 model predictions (solid lines)are presented for fraction of
VS degraded, biogas production, VFA profile and simulated biomass concentration
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Pig manure experimental reactor - (P2)
The methodology applied for modelling P2 continuous operations was similar to the approach adopted
for modelling S2 operations detailed in section 5.3.5. To determine if the temperature-dependency of
metabolic kinetic rates observed in batch activity assays (section 5.4.2 ) can be translated to continuous
operations for the PM system, the P1 ADM1 model (control reactor section 5.4.3) was adapted to
represent P2 operations. To simulate the reactor performance of P2 throughout the four operational
phases, additional temperature-based functions were incorporated into uptake and decay equations
within ADM1 as detailed in Table 5.4. These functions were derived from the relative decrease in
kinetics observed from PM system batch activity assays conducted at 37, 25 and 15 °C as detailed
in section5.4.2. Similar to the S2 model, the biomass decay rate was altered to be a function of
temperature based on the methodology proposed by Siegrid et al [65].
Figures 5.19 and 5.20 compare the ADM1 output with the P2 experimental data during the four
operational phases over 600 days. The model aligned with operational data for biogas production
(NRMSE 108), TS (NRMSE 100) and VS (NRMSE 108) during steady-state conditions in Phase I
and II whilst operating at 37°C and 25°C respectively. Additionally the model predicted the reduced
gas production (Figure 5.19B, NRMSE 105) and VS removal (Figure 5.19A, NRMSE 177) during
phases III and IV when the operating temperature reduced to 15°C. Whilst the predicted VFA profile
at 15°C did not align exactly with the measured propionate peaks from P2 experimental data in
Phases III and IV, the model was able to predict the magnitude of propionate accumulation (NRMSE
98-163). Additionally, whilst the model failed to predict the acetate accumulation during Phase III, the
magnitude of acetate concentration aligned with the steady state operational data during Phase I, II and
Phase IV (NRMSE 90-121). The P2 predictive model aligned with P2 experimental data for effluent
TS (NRMSE 88-105), VS (NRMSE 103-125) and sCOD concentration (NRMSE 108-141) during all
four operational periods, however over-predicted TCOD and TAN during Phase IV (refer Figure 5.19,
NRMSE 206). Regarding simulated biomass concentrations, it was noted that the P2 model predicted
fairly constant biomass concentrations with the exception of fatty-acid degrading bacteria which was
predicted to decline when operating at 15°C (refer Figure 5.19D). The inhibition factors illustrated
in Figure 5.20D mirror those predicted in the S2 model and highlight the impact of temperature on
ammonia and hydrogen inhibition factors.
Comparing the P2 model output with the operational data, highlights the merits of the predictive model
in successfully simulating steady-state conditions at 37, 25 and 15°C. However the misalignment
of VFA concentrations suggests model limitations in predicting accurate overloading conditions at
psychrophilic temperatures. Overall kinetic rates derived from batch-activity assays were able to
predict continuous reactor performance of both the SS and PM systems when operating at low loading
conditions and psychrophilic-mesophilic temperatures.




















































































































































Figure 5.19: ADM1 Model output for PM control reactor experimental reactor (P2) operating at
37°C (day 0-149), 25°C ( day 150-298) and 15°C (day 299-608). Comparison of experimental results
(circles) with ADM1 model predictions (solid lines) are presented for fraction of VS degraded, biogas
production, VFA profile and simulated biomass concentration.
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Figure 5.20: ADM1 Model output for PM experimental reactor (P2) operating at 37°C (day 0-149),
25°C ( day 150-298) and 15°C (day 299-608). Comparison of experimental results (circles) with
ADM1 model predictions (solid lines) are presented for fraction of VS degraded, biogas production,
VFA profile and simulated biomass concentration
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5.5 Conclusion
This chapter investigated the impact of operating temperature and feedstock on long-term continuous
process performance for systems fed with a complex substrate. Four continuous 5.5L bench-scale
reactors, two treating SS and two treating PM were operated for over 600 days and transitioned through
four operating phases varying OLR (1-1.5 kgVS m-3 d-1) and operating temperature (37, 25 and 15°C).
Minimal change in operational performance was observed between 37°C and 25 °C for both the SS
and PM systems. At 15°C however, process stability and performance of both systems was greatly
reduced. Long-term continuous operations highlighted the long adaption period (3-6 SRT-equivalent/3-
6 months) required when transitioning from mesophilic to psychrophilic operating conditions. Slower
process kinetics and reduced substrate degradability were some of the contributing factors towards
reduced methane production and process capacity observed in both feedstock systems at 15 °C. The
PM system experienced greater process instability compared to the SS system at 15°C partially due to
higher degradable OLR in addition to greater imbalance between upstream and downstream metabolic
activity levels.
The impact of operating temperature and feedstock on relative changes in metabolic activity levels
of upstream and downstream processes were investigated. Batch-activity testing was performed
using model substrates to characterise activities for hydrolysis of carbohydrates, proteins and lipids,
fermentation of glucose and glycerol, degradation of propionate and butyrate, as well as aceticlastic
and hydrogenotrophic methanogenesis. The batch activity assays were conducted with temperature
and substrate adapted inoculum sourced from the bench-scale reactors. The balance between upstream
and downstream process rates was impacted by feedstock with SS and PM systems displayed different
activity profiles. Whilst all metabolic process kinetics reduced at lower operating temperature, the
relative changes in activity profile measured at 37, 25 and 15°C were different between the SS and PM
systems. LCFA and propionate degradation were the two key metabolic processes that consistently
identified to be rate-limiting. Acetogenesis was the metabolic step most sensitive to temperature
changes in both feedstock systems.
Ratios of upstream to downstream metabolic process rates can provide insight into level of process risk
and potential bottlenecks in the AD process. In both feedstock systems, higher ratios were observed
at 15°C compared to 25 or 37°C indicating increased process risk of VFA accumulation and less
tolerance for shock loadings at psychrophilic temperatures. Comparing the two feedstocks, greater
imbalance was observed for SS compared to PM at 37 and 25°C, however at 15°C the PM system
displayed the greatest process risk. SS systems indicated high process risk associated with protein-
based substrates at all temperatures and increased process risk for carbohydrate-based substrates as
temperature decreased. Comparatively, the PM system displayed balanced process rates at 37 and
25°C. However at 15°C, the balance of the PM system became severely downstream limited and
highlighted propionate degradation as a potential bottleneck in the AD process. This finding was also
supported by the increased propionate accumulation observed in continuous reactor operations of PM
system at 15°C.
The continuous reactor operations were modelled using default parameters in ADM1. Whilst default
ADM1 provided representative predictions of sewage sludge operating at 37°C, the model was unable
to describe changes in process performance when operating at psychrophilic temperatures.
Modifications to the ADM1 model were made to simulate operations at psychrophilic tempera-
tures.(i)Temperature was altered to be a function of time, (ii)uptake rates for each metabolic step were
altered to be a function of temperature through the inclusion of an additional inhibition factor based on
experimental batch activity data and (iii)biomass decay was altered to be a function of temperature.
A comparison of the modified ADM1 model and experimental data for the SS and PM systems
revealed that batch kinetic rates using well-adapted inoculum could improve the utility of ADM1
accurately describe continuous process performance at psychrophilic temperatures. The required
model modifications suggested that biomass decay is impacted by temperature. The reduced biomass
decay was able to manage the reduced process capacity at lower temperatures and enable a balanced
net flux of organic matter at psychrophilic conditions. The modified ADM1 model demonstrated that
the significant reduction in process capacity and increased process risk for both SS and PM systems
at 15°C could be linked to the increased imbalance between the rates of upstream and downstream
metabolic processes. This was most clearly demonstrated by the greater imbalance between process
steps observed for PM at 15°C being linked to the VFA accumulation observed experimentally in the
continuous operations.
Both the modelled and experimental results indicate reduced process capacity at lower operating
temperatures. This reduced capacity highlights an increased risk of VFA accumulation from shock
loads or high organic loading rates. Given that the four continuous reactors were operated at low OLR
and high SRT, future work is required to test the utility of the modified ADM1 model for predicting
VFA accumulation from high OLR or shock loads in psyhcrophilic AD systems.
Overall this chapter provided insight into the likely impact of activity profile on treatment capacity,
process stability risk and overall process performance.

Chapter 6
Methanosaeta dominates in low OLR, 15°C
AD systems
6.1 Abstract
The efficiency and stability of the anaerobic digestion process is dependent on the symbiotic activities
and balance between different trophic groups. Whilst previous studies have investigated the nexus
between process performance and microbial community dynamics under mesophilic conditions, a
deeper understanding of the microbial community structure, metabolism, function and dynamics
under different operating conditions is important for process optimisation. This study investigated
the impact of feedstock and operating temperature on microbial community dynamics and provided
insight into the role of phylogenetic diversity, balance between trophic groups, dominant metabolic
pathways and thermodynamic changes to metabolic activities and process performance. The transition
of microbial communities and metabolic pathways in anaerobic digestion of sewage sludge (SS)
and pig manure (PM) as the operating temperature was reduced from 37 to 25 and then 15°C was
explored. Comparing the two feedstock systems over this temperature range, feedstock had a greater
impact on microbial consortia explaining 47% of the microbial community variance compared to
temperature which explained 16%. Acetoclastic methanogenesis was the dominant pathway regardless
of feedstock or operating temperature. The dominance of Methanoseta at 15°C in both SS and
PM systems illustrates that for systems operating at low organic loading, neutral pH and low TAN,
temperature reduction from 37 to 15°C as a single selective pressure was an insufficient driving force
to promote the SAO-HM pathway. Thermodynamic shifts at lower temperatures severely hindered
acetogenic reactions and were reflected in microbial shifts. The greater reduction in relative abundance
of Clandidatus Cloacimonas compared to Smithella at 15°C, reflected the thermodynamic preference
for propionate degradation via the Smithella pathway compared to the Methylmalonyl-CoA pathway
at lower operating temperatures. Statistical correlations directing linking microbial shifts with reduced
metabolic kinetics for hydrolysis, fermentation, acetogenesis and methanogenic reactions were unable
to be derived due to the temperature-dependency of thermodynamic and mass transfer limitations.
97
98 CHAPTER 6. METHANOSAETA DOMINATES IN LOW OLR 15°C AD
Findings from this study highlight the importance of feedstock in establishing balanced trophic groups
and limitations associated with the large proportion of unclassified micro-organisms in complex AD
systems. Future work is recommended using post-genomic approaches to directly link phylogenic
identity with function and also further explore mass-transfer limitations associated with acetogenic
and methanogenic process reactions.
6.2 Introduction
Temperature affects AD performance through modulating microbial community composition and diver-
sity, altering the bio-chemical conversion pathways as well as the thermodynamic equilibrium of the
biochemical reactions [151,152]. These temperature-dependent microbial shifts are an accumulation of
the unique response to temperature expressed by each microorganism within the community. Changes
in microbial community composition can lead to modification of predominated digestion pathways
and affect process stability [59]. Considerable research has been undertaken on microbial community
changes with temperature at mesophilic- thermophilic temperatures [59, 153–155]. However less
studies have incorporated psychrophilic temperatures [108, 147, 152]. Additionally psychrophilic
studies that have investigated methanogenic pathways shifts at reduced operating temperature have
reported contradictory results. Van Lier et al [156] reported dominance of the acetoclastic methanogen
Methanosaeta during sucrose digestion at 8°C, while Bialeck et al [108] reported hydrogenotrophic
methanogenesis to be the dominant pathway for dairy waste digestion at 10°C. There is therefore a
need to better understand the mechanisms for temperature-induced microbial shifts under mesophilic-
psychrophilic conditions.
In addition to operational parameters (e.g. temperature), feedstock composition is a key determining
factor for microbial consortia [148]. The physical form of the feedstock can affect the bioavailability
[157], the macro chemical composition determines the potential degradation pathways [158] and the
biological component of the feedstock can influence the microbial community through immigration
and the introduction of competitive microbes [159–161]. Vanwonterghem et al [148, 149] and Peces
et al [140] established links between model substrates, microbial community structure and digestion
pathways at lab-scale. Additionally Lee et al [160], Kirkegaard et al [159] and Han et al [162]
monitored the microbial community dynamics of full-scale AD systems fed with complex feedstocks.
However the relative impact of feedstock composition compared to operating parameters in establishing
the core microbial community and determining functional capacity remains unclear. This knowledge
is of particular importance for feedstock composition changes with co-digestion and for optimising
AcoD system performance.
The relationship between microbial community structure, diversity and functional capacity has been of
increasing interest in literature [140,152,163,164]. Different microbial communities do not necessarily
result in different process capabilities and microbial diversity has not been found to strongly correlate
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with process performance. This has lead to the concept of functional redundancy (ie. a system
being able to maintain functionality despite a dynamic population due to microbes being functionally
redundant [148, 164]). Other authors have concluded otherwise reporting that microbial communities
are neither functionally plastic nor functionally redundant and are complex, interacting dynamical
systems [165]. Most of these studies focus on microbial community composition or diversity as
metrics. However, given some microorganisms (e.g.Clostridium) are involved in multiple metabolic
steps within the AD process and some metabolic steps are shared by various microorganisms [148],
diversity of the microbial community cannot reflect the actual diversity of system functioning. The link
between specific microorganisms and multiple metabolic steps has been presented by Peces et al [140]
and Li et al [166] through statistical correlations between activity rates for hydrolysis, acidogenesis,
acetogenesis and methanogenesis against species relative abundance. Furthermore recent studies
involving metatranscriptomics have provided quantification of active digestion pathways and expanded
knowledge of the microbial community structure-function nexus [149, 152, 167]. Further research
is required to provide insight into the complex interrelationships between different microorganisms,
determine in-situ functionality as well as identify syntrophic relationships that contribute to overall
system functionality.
In addition to microbial community structure, activity rates and digestion pathways are governed by
physico-chemical factors such as thermodynamics [168] and mass-transfer rates [169]. There remains
a need for research to determine if the thermodynamics of process reactions, physical equilibrium
changes (e.g. gas solubility), mass transfer rates(e.g. substrate diffusivity) or microbial shifts play
a more dominant role in defining the catabolic pathways and individual activity rates of hydrolysis,
acidogenesis, acetogenesis and methanogenesis at different temperatures. As detailed in the previous
chapter 5, each of the four key metabolic steps are uniquely influenced by temperature. A key
focus area of this chapter is to investigate how microbial shifts, thermodynamics and mass transfer
rates contributed to changes observed in activity rates between different feedstocks and operating
temperatures.
The main objectives of this study were to :
(i) determine the impact of feedstock and temperature on metabolic pathways and microbial
community structure,
(ii) investigate the role of immigration on microbial community structure,
(iii) understand the relative impact of thermodynamics, physical equilibrium changes, mass transfer
limitations, substrate bioavailability and microbial shifts in determining changes in catabolic
pathways and individual activity rates as the operating temperature of an AD system is lowered,
(iv) quantify relationships between microbial community shifts, changes in individual activity rates
and AD process performance.
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Figure 6.1: Timing of 22 microbial samples taken within the four operational phases of the sewage
sludge and pig manure anaerobic systems
6.3 Materials and methods
6.3.1 Reactor operations
Four bench-scale anaerobic digesters, two treating sewage sludge (SS) and two treating pig manure
(PM) were operated for over 600 days. In each feedstock system, the control reactor was operated
consistently at 37°C to account for natural fluctuations and the experimental reactor was operated at
37°C (Phase I), 25°C (Phase II) and 15°C (Phases III and IV). To enable steady process performance
the organic loading rate was lowered from 1.5 kgVS m-3 d-1 (Phases I-III) to 1 kgVS m-3 d-1 in Phase
IV. The reactor performance and changes in activity profile throughout the four operational phases are
detailed in Section 5.4. Throughout the reactor operations, 22 microbial samples were taken from each
of the bench-scale reactors as detailed in Figure 6.1. Microbial samples of the SS and PM feed were
also taken to determine the influence of immigration.
6.3.2 Microbial analysis
Pyrosequencing
Samples for taxonomic analysis were taken from each reactor every HRT. Samples were taken and
centrifuged at 10,000 G , the supernatant was removed and the remaining cell pellet was stored
at -20°C until analysis. DNA was extracted using the FastDNAT M SPIN Kit for Soil [170] per
6.3. MATERIALS AND METHODS 101
the manufacturer’s protocol. The 16S rRNA gene was PCR amplified with iTAG 16S 926F (5’-
AAACTYAAAKGAATTGACGG-3’) and 1392wR (5’-ACGGGCGGTGWGTRC-3’) primers146
and Taq 2X Master Mix [171]. As a quality control measure, DNA concentration and purity was
determined by gel electrophoresis on 1% agarose gel, and spectrophotometrically using the NanoDrop
ND-1000 [172]. Pyrosequencing was then performed on the raw DNA extracts by the Australian
Centre for Ecogenomics [173] using the Illumina MiSeq platform [174], with amplification via the
same primers.
Bioinformatics
QIIME2 was utilised to process the fastq files and generate the taxonomy table as detailed in Figure
4.3 and conduct quality control of the fastq files. All fastq files were processed with fastqc. All fastq
files were then trimmed to remove primer sequence with Cutadapt, and quality trimmed to remove
poor quality sequence using a sliding window of 4 bases with an average base quality above 15 using
the software Trimmomatic. All reads were then hard trimmed to 250 bases, and any with less than 250
bases excluded. To assign taxonomy, fasta files were processed using QIIME2’s dada2 workflow with
default parameters and taxonomy assignment. Representative features (amplicon sequence variants
(ASV)) sequences were then BLASTed against the reference database (Silva and UNITE). The main
analysis output was an ASV table comprising the taxonomic classification of the best database match
and a representative sequence for each ASV. Biological replicates were taken at each steady-state
condition for the three temperatures in the two reactor systems. Appendix Figure C.2 demonstrates
that these biological replicates were statistically similar to each other.
Statistical analysis
Statistical analyses were performed in RStudio v3.4.3. Two-tailed t-test and ANOVA (5% significance
threshold) were used to compare the digesters performance and activity rates between digesters and
between different operating temperatures. Microbial communities were explored using Vegan [136]
and Phyloseq packages [137]. Differential abundance analyses were conducted using DESeq2 package
[175]. The ASV table was rarefied to the depth of the shallowest sample, using rarefy-even-depth()
(rgn seed 812) from Phyloseq package and hellinger transformed prior to ordination. Correlations
between microbial community composition and performance data were calculated using environmental
parameter fitting envfit() in the package Vegan. Performance data was variance-stabilised (z-scoring)
before correlation analyses to aid with the comparability of variables that have different magnitudes.
Beta-diversity was examined by Non-metrical Multidimensional Scaling (NMDS) based on Bray-
Curtis dissimilarity using metaMDS() from Vegan package. Generalised linear regression in the edgeR
package was used to assess correlations between activity rates and taxa abundance. Taxa abundance
was assessed using a negative binomial distribution on the raw sequence counts. Confounding factors
(e.g.feedstock) were subtracted prior to performing the generalised linear regression. For taxa whose
residuals were normally distributed as defined by the Kolmogorov-Smirnov test (p<0.05), linear
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Pearson and monotonic Spearman correlations between activity rates and taxa relative abundance were
also performed on Hellinger-transformed abundance and non-transformed calculated activity rates.
Prior to conducting correlation tests, variance due to primary factors (i.e. feedstock) were subtracted.
6.3.3 Sample fixation and fluorescence in situ hybridisation (FISH)
Samples for fluorescence in situ hybridisation (FISH) were collected from the bench-scale reactors.
These samples were immediately fixed in 4% paraformaldehyde for 4h and washed twice with 1%
phosphate-buffered saline solution before being stored at -20°C in a 50:50 mixture of 1% phosphate-
buffered saline and 100% ethanol (Amann et al., 1995). Cells were hybridised with universal bacterial
and archaeal probes (Amann et al., 1995) in combination with population- specific probes targeting
Methanosaeta, Hydrogenotrophic methanogens (e.g. Methanosarcina) and Firmicute populations
(create Table). FISH preparations were visualised using a Zeiss LSM512 confocal laser scanning
microscope (Zeiss, Oberko- chen, Germany).
The following probes were used to in the FISH analysis to identify Methanosaeta in yellow, Hy-
drogenotrophic Methanogens in cyan and Firmicutes in purple.
• Green : all Archea (Arc 915)
• Red: Methanosaeta (Mx825), all Bacteria (EUB Mix)
• Blue: Hydrogenotrophic Methanogens (MG1200, MC1109, MB1174, MS1414 (Methanosarcina)),
Firmicutes (LGC354A)
6.3.4 Carbon and hydrogen isotope analysis
Gas samples from the headspace and soluble samples from the liquid phase were taken from each
reactor. 30ml serum bottles were initially flushed with argon and a 20ml gas sample was taken from
the headspace using a glass syringe and injected into the serum bottle. Liquid samples from the
effluent were centrifuged at 10,000G, filtered using 0.22m filters and sealed with no headspace in 5ml
containers. All stable isotope samples for δ 13C-CH4, δ 13C-CO2 and δD-CH4 were analysed at the
Stable Isotope Geochemistry Laboratory at University of Queensland using an Isoprime/Agilent Gas
Chromatograph-combustion-isotope ratio mass spectrometer (GC-c-IRMS). Theδ13C and δD values
were normalised to the Vienna Pee Dee Belemnite (VPDB) and Vienna Standard Mean Ocean Water
(VSMOW) scales.
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6.4 Results and discussion
6.4.1 Microbial community dynamics
The microbial community composition and total biomass associated with the sewage sludge and pig
manure anaerobic systems detailed in Chapter 5 were characterised at 22 time points throughout the
four operational periods to correlate community dynamics to reactor performance parameters. The
following section details the changes in alpha and beta diversity in the two feedstock systems as the
operating temperature was reduced from 37 to 15°C.
Alpha diversity
Table 6.1 and 6.2 detail measures of alpha diversity for microbial samples taken from the SS and
PM systems during the four operational phases. Metrics of alpha diversity [176] are measured as
shannon-weaver diversity index, observed ASVs, Pielou’s evenness and the α parameter of Fisher’s
log-series [177].
Table 6.1: Alpha diversity metrics for sewage sludge system
Observed ASVs Shannon Index Evenness Alpha.Fisher
SS Feed 633 ± 339 5.54 ± 0.47 0.88 ± 0.02 114 ± 61
S1 Control Phase I 765 ± 337 5.02 ± 0.15 0.76 ± 0.04 117 ± 44
Phase II 550 ± 204 4.77 ± 0.14 0.76 ± 0.04 88 ± 27
Phase III 655 ± 473 4.94 ± 0.23 0.78 ± 0.06 100 ± 68
Phase IV 365 ± 85 4.76 ± 0.14 0.81 ± 0.03 60 ± 15
S2 Exp Phase I 726 ± 367 5 ± 0.21 0.77 ± 0.04 113 ± 50
Phase II 602 ± 109 4.82 ± 0.22 0.76 ± 0.04 104 ± 16
Phase III 713 ± 95 4.98 ± 0.73 0.76 ± 0.13 125 ± 11
Phase IV 945 ± 682 5.46 ± 0.42 0.82 ± 0.02 165 ± 113
Table 6.2: Alpha diversity metrics for pig manure system
Observed ASVs Shannon Index Evenness Alpha.Fisher
PM Feed 528 ± 250 4.67 ± 0.22 0.76 ± 0.07 79 ± 25
P1 Control Phase I 425 ± 27 4.5 ± 0.18 0.74 ± 0.03 65 ± 5
Phase II 540 ± 229 4.78 ± 0.09 0.77 ± 0.04 81 ± 29
Phase III 325 ± 85 4.77 ± 0.15 0.83 ± 0.01 50 ± 11
Phase IV 395 ± 235 4.68 ± 0.17 0.8 ± 0.08 59 ± 28
P2 Exp Phase I 433 ± 85 4.61 ± 0.27 0.76 ± 0.03 68 ± 13
Phase II 411 ± 77 4.62 ± 0.18 0.77 ± 0.03 66 ± 10
Phase III 502 ± 216 4.72 ± 0.07 0.77 ± 0.04 73 ± 25
Phase IV 511 ± 236 4.77 ± 0.31 0.78 ± 0.03 82 ± 36
The alpha diversity-indexes showed that microbial communities associated with the SS system were
statistically more diverse compared to the PM system (P < 0.05 based on Shannon-weaver diversity
index). Within each feedstock system, the alpha diversity richness (observed number of ASVs),
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Pielou’s evenness and Shannon index were similar between the control and experimental reactor during
Phase I and II when the experimental reactor was operated at 37 and 25°C respectively. In both the
SS and PM systems, the microbial community richness increased at 15°C with a statistically greater
number of ASVs observed in the experimental reactor compared to the 37°C control reactor during
Phase IV. This increase in microbial diversity when transitioning from mesophilic to psychrophilic
conditions was also reported by Bialek et al [178]. In this study, the higher alpha diversity is in part
associated with immigration and an increase in residual microbial populations from the feed remaining
in digester effluent at lower temperatures due to slower hydrolysis kinetics and cell lysis. Mattingly et
al [179] studied the lysis of isolated cell walls of psychrophile Bacillus psychrophilus and found the
lysis kinetics to be temperature dependent with slower lysis at lower temperatures.
The large variations in alpha-diversity richness observed in the feed and control reactor of both SS
and PM systems demonstrate the natural fluctuations in microbial community dynamics associated
with AD systems fed with complex substrates. These natural fluctuations in alpha diversity were more
dynamic in the SS system compared to the PM system. The higher and more dynamic alpha diversity
of sewage sludge compared to other feedstocks was also observed by Lee et al [160] who reported
higher diversity in sewage sludge digesters compared to food waste digesters. Fitamo et al [180] also
reported that shifts in microbial diversity and changes in microbial community richness were observed
by changing feedstock composition from SS monodigestion to co-digestion with food and garden
waste. The influence of complex feedstock on the microbial community is two fold, influencing (i)
substrate availability and (ii) microbial immigration.
Relative abundance
The composition of the microbial communities associated with the four bench-scale digesters were
characterised at 22 time points within the four operational phases. The microbial results detail the
dynamics of the feed and effluent microbial populations over the >600 day study period for both the
SS and PM systems. The selective pressure of reducing the operating temperature from 37 to 25 to
15°C on microbial community dynamics is reflected in the changes in relative abundance of different
taxa within the SS and PM systems. The development and succession of the microbial population in
the experimental reactor relative to the control provides insight into the microbial community response
to reduced operating temperature. Comparing the temperature-response of the SS and PM systems
provides insight into the role of feedstock in governing microbial functional redundancy and resilience
to operational changes (e.g. temperature). The two feedstock systems responded differently to the
reduction in temperature and the respective microbial community shifts will henceforth be discussed
separately.
Sewage sludge
Figure 6.2 illustrates the relative abundance (RA) of the top 38 most abundant taxa observed in samples
associated with the SS system. Each of the taxa displayed in Figure 6.2 has a relative abundance
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(RA) of ≥ 2.5% RA in at least one of the samples taken from the SS Feed, S1 control reactor or S2
experimental reactor during the four operational phases. Although these top 38 taxa only represent
on average 8 ± 5% of the observed ASVs, their cumulative RA represents 15 ± 8% to 50 ±5% in
the SS feed and effluent samples respectively. The variance in RA of different taxa in the S1 control
reactor throughout the two-year operational period demonstrates the dynamic nature of microbiomes
developed in systems fed with a complex substrate such as sewage sludge.
Comparing the microbial profile of the S1 control and S2 experimental reactor during the different
operational phases provides insight into the microbial response to reduced temperature. Reducing
the operating temperature to 25°C (S2 during Phase II), caused shifts in the bacteria population with
some taxa being enriched (e.g. taxa assigned to the genus Candidatus Cloacamonas(Cloacimonetes)),
maintained (e.g. taxa assigned to the family Anaerolineaceae(Chloroflexi)), reduced (e.g. taxa
assigned to the genus Mesotoga (Thermotogae) or washed out ( e.g. taxa assigned to the genus
Macellibacteroides(Bacteroidetes)). Less change was observed in the Archea population with taxa
assigned to the genus Methanosaeta remaining dominant at 25°C.
More significant changes to the microbiome were observed when the operating temperature was
lowered to 15°C in Phase III. The initial process instability in the S2 operations during Phase III is
reflected in microbial shifts. For example the accumulation of VFAs in S2 experimental reactor (refer
Figure 5.3) coincided with reduced abundance of taxa assigned to genus Methanosaeta and emergence
of taxa assigned to the family Rhodocyclaceae which depending on the genus have been reported to
degrade VFAs and work in syntrophic relationships to produce methane [181, 182]. Additionally the
higher abundance of taxa assigned to filamentous bacteria e.g Blvii 28 wastewater sludge group [183]
were observed in S2 foam compared to S2 effluent samples, suggesting filamentous bacteria contributed
to the S2 reactor foaming which occurred during psychrophilic operations.
During Phase IV when the organic loading rate was lowered and process performance stabilised, a
new microbial profile was established. New psychrophilic bacteria emerged (e.g. taxa assigned to
class LD1PB3 (Verrucomicrobia)), psycho-tolerant mesophiles remained (e.g. taxa assigned to genus
VadinBC27 wastewater sludge group (Bacteroidetes)), residual microbes from SS feed increased (e.g.
taxa assigned to family Bacteriovoracaceae), mesophilic bacteria were washed out (e.g. taxa assigned
to genus Mesotoga (Thermotogae)), some bacteria were reduced (e.g. taxa of genus Smithella) and
some bacteria were enriched (e.g. taxa assigned to phylum W26). The family Bacteriovoracaceae
have been reported to be obligate predators of gram-negative bacteria [184]. The dominance of a taxa
assigned to this family at 15 °C is suggestive of inactive microbes and ”residual” biomass from the SS
Feed.
Taxa assigned to the phylum W26 was present in the SS Feed (0.6-8% RA) and was degraded or
out-competed at 37°C with low abundance in S1 control reactor and S2 experimental reactor during
Phase I. This taxa assigned to W26 increased in abundance (0.8% RA) in S2 from day 307 when
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operated at 25°C and sustained this abundance at 15°C with RA similar to the feed in S2 on day 539
(0.6% RA). Whilst the function is not explicitly defined Hu et al [185] reported that W26 have predicted
fermentative lifestyles, based on the lack of electron transfer chain components and incomplete TCA
cycles. The taxa assigned to phylum W26 is an example illustrating the current limitations of the
databases to define the microbiome in anaerobic digestion. Without taxonomic assignment down to the
genus level, functionality assignment and cross-study comparisons are limited (e.g. the temperature
correlation for taxa assinged to W26 found in this study cannot be readily compared to other studies).
For example PEM15(Actinobacteria) present in S1 control reactor but absent in the S2 experimental
reactor at low temperatures. Xu et al [186] also reported that Actinobacteria of order PEM15 exhibited
strong co-occurence correlations with temperature (range 6-28°C). Whilst the correlation of this taxa
with temperature is known, without more refined taxonomic assignment down to the genus level,
how this temperature correlation contributes to temperature-dependent functional changes remains
unknown.
Pig manure
The selective pressure of reducing the operating temperature from 37 to 25 to 15°C on microbial
community dynamics was investigated for the PM system. Figure 6.3 illustrates the relative abundance
(RA) of the top 53 most abundant ASVs observed in samples associated with the PM system. Each
of the ASVs displayed in Figure 6.3 has a relative abundance (RA) of ≥ 2.5% RA in at least one of
the samples taken from the PM Feed, P1 control reactor or P2 experimental reactor during the four
operational phases. Similar to the SS system, the variance in RA of different ASVs in the P1 control
reactor over the >600 day operational period demonstrates the dynamic nature of microbiome for
systems fed with a complex substrate such as pig manure. The majority of taxa present in the PM Feed
were assigned to the phylum Firmicutes.
Comparing the microbial profile of the P1 control and P2 experimental reactor during the different
operational phases provides insight into the microbial response to reduced temperature. Reducing the
operating temperature to 25°C (P2 during Phase II), caused shifts in the bacteria population with some
taxa being enriched (e.g. taxa assigned to the phylum SR1 (Absconditabacteria)), maintained (e.g. taxa
assigned to the family Anaerolineaceae), reduced (e.g. taxa assigned to the genus Ruminiclostridium)
or washed out ( e.g. taxa assigned to the order Bacteroidales). Similar to the SS system, less change
was observed in the archaea population with taxa assigned to the genus Methanosaeta remaining
dominant at 25°C.
Compared to the SS system, less dramatic microbial shifts occurred in the PM system when the
operating temperature was lowered to 15°C. During Phase IV at 15°C, some new psychrophilic
bacteria emerged (e.g. taxa assigned to class Candidatus Falkowbacteria, Candidatus Shapirobacteria
and Candidatus Nomurabacteria)), psycho-tolerant mesophiles remained (e.g. taxa assigned to genus
vadinBC27 wastewater sludge group), residual inactive microbes from PM feed increased (e.g. taxa
assigned to genus Lactobacillus) and some mesophilic bacteria washed out (e.g. taxa assigned to
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family Draconibacteriaceae).
Impact of feedstock system on the temperature-dependence of taxa abundance
Among the taxa which had abundance greater than 2.5% in at least one sample (Figure 6.2 and Figure
6.3), there were six taxa that were present in both the SS and PM Systems.
(i) Methanosaaeta, an obligate aceticlastic methanogen which cleaves the methyl group of acetate
to form methane and carbon dioxide
(ii) taxa assigned to family Draconibacteriaceae, which has been suggested to hydrolyse starch or
gelatin depending on genus [187]
(iii) taxa assigned to family Lentimicrobiaceae, which has been reported to have the capacity to
ferment glucose and produce acetate, malate, propionate, formate and hydrogen [188]
(iv) Candidatus Cloacamonas, a versatile bacterium, capable of fermenting sugars and amino acids
as well as degrading propionate via the common Methylmalonyl coA pathway [189]
(v) Lactobacilluswith the capability of fermenting carbohydrates and fats [190]
(vi) taxa assigned to order Clostridales, a reported syntrophic acetate oxidiser (SAO) [191] which can
form syntrophic relationships with Methanobrevibacter or other hydrogenotrophic methanogens
[192, 193]
These six ASVs represent taxa associated with a diverse range of functional groups encompassing
fermenters, acetogens and methanogens. This demonstrates that among the abundant taxa, commonality
between PM and SS systems extended to all trophic groups. The following statistical correlations were
derived from the differential abundance analysis.
Methanosaeta was present in statistically similar high abundance for both feedstocks at all operating
temperatures. In contrast the taxa associated with the family Draconibacter, was negatively impacted
by reduction in operating temperature in both feedstock systems. In the PM system, the abundance of
Draconibacter was statistically similar at 37 and 25°C, however was washed out during Phase III and
not present in Phase IV at 15°C. In the SS system, the abundance of Draconibacter was statistically
similar to the PM system at 37°C. At 25°C however, taxa abundance was statistically lower and at 15°C
was not present in the majority of samples. Taxa assigned to the family Lentimicrobiaceae exhibited
different abundance patterns in the PM and SS system throughout the four operational phases. In the
PM system, Lentimicrobiaceae was not present at 25 or 15 °C and only present at 37 °C in the control
reactor, emerging during Phase II and increasing in relative abundance during Phase IV. In Contrast,
Lentimicrobiaceae was present at all operating temperatures in the SS system exhibiting a period of
enrichment during Phase II and only a slight reduction during the initial instability at the beginning of
Phase III.
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Candidatus Cloacamonas displayed opposing abundance patterns in the PM and SS system. In the PM
system, Candidatus Cloacamonas was positively correlated with statistically reduced abundance at
25°C compared to 37°C control reactor during Phase II and no observable abundance at 15 °C during
Phase IV. Conversely, in the SS system, Candidatus Cloacamonas was a dominant taxa in both reactors
at 37°C, statistically enriched at 25°C throughout Phase II and even exhibited high abundance at 15°C
during the initial unstable period at the beginning of Phase III before returning to lower abundance in
Phase IV. Candidatus Cloacamonas was more abundant in the SS Feed compared to PM Feed which
could have been a contributing factor to the higher dominance in SS system. For the PM system, taxa
assigned to Lactobacillus and order Clostridales displayed no statistical change in abundance with
reduced temperature. Conversely for the SS system, Lactobacillus was positively correlated with
temperature and taxa assigned to order Clostridales was negatively correlated with temperature.
The differences in the temperature-dependent shifts and dynamics of the six shared ASVs between
the SS and PM systems highlights that changes in taxa abundance do not occur in isolation but within
the context of the whole microbial community. Although subject to the same selective pressure of
reduced operating temperature, the SS and PM system had different microbial communities. These
differences in phylogenetic diversity and balance of trophic groups between the two feedstock systems
caused these six taxa to have different competitors, different potential syntrophic partners and different
opportunities to dominate or be out-competed.
Beta diversity
Feedstock and temperature influence microbial community dynamics as illustrated in Figure 6.4.
Feedstock explained 47% variance and Temperature explained 16% variance observed in the microbial
communities of the SS and PM systems whilst operated at 37, 25 and 15°C. In this study, feedstock
was a greater determinant for microbial consortia compared to operating temperature. The dominance
of feedstock on microbial composition corroborates previous fundamental studies [140, 148] that
highlighted the influence of feedstock macro composition on microbial community structure. Studies
investigating AD systems with complex feedstocks have also reported feedstock to be a key determining
factor for microbial consortia [36]. Additionally the microbial shifts observed in co-digestion studies
support the dominance of feedstock as a deterministic factor for microbial community composition
[180, 194]. This finding also corroborates the work of Zinganshin et al [36] whose correlation analysis
revealed that the community composition was mainly influenced by the feedstock type with the
exception of a temperature shift from 38 to 55°C. In this study the temperature range investigated
was 15-37°C, naturally the importance of temperature on microbial consortia may increase if a larger
temperature range was investigated.



























Figure 6.4: Principal coordinate analysis based on Bray-Curtis illustrating the impact of feedstock and
temperature on microbial community beta diversity for AD systems fed PM and SS and operated at 37,
25 and 15°C.The 47% variance on the principal axis can be explained by differences in feedstock and
the 16% variance on the secondary axis can be explained by differences in operating temperature.
Removing the dominant influence of feedstock and analysing the SS and PM system individually
(refer Figures 6.5 and 6.6), the variance attributed to temperature increases to 53% for the SS system
and 28% for the PM system ( based a comparison of constrained and unconstrained variance on the
principal MDS axis). As highlighted by the longest arrow in Figures 6.5 and 6.6, temperature was the
main process parameter influencing microbial beta diversity in both feedstock systems.
For the SS system (refer Figure 6.5), microbial samples showed discrete clustering based on operating
temperature. The only exception is the first 15°microbial sample from Phase III (day 393) which was
taken during a period of process instability and exhibited a starkly different microbial community
to the one established once the process became stable at 15°C in Phase IV (refer Figure 6.2). In
comparison in the PM system (refer Figure 6.6), no clear clustering was observed with microbial
samples showing more gradual progressive change. Overall there was less variance between microbial
samples in the PM system (MDS1(28%)) compared to the SS system (MDS1 (53%)). This suggests
that the SS system was more influenced by temperature compared to the PM system and these greater
microbial shifts could have contributed to the finding in Chapter 5 that there was a greater reduction in
biodegradability at 15°C for SS compared to PM.















































Figure 6.5: Principal coordinate analysis based on Bray-Curtis for the SS control and experimental
reactor microbial communities at the ASV level(Helliger transformed) over 22 sampling points (day
94 to 681). Each sample is represented by a single circle, coloured according to operating temperature.
Circle size increases with time. Taxa(ASVs) are presented as black crosses and populations contributing
most to the variability between microbial communities are labelled. Correlations with environmental
and operating parameters are indicated with arrows.
In the SS system , 162 taxa were significantly correlated with temperature. 79 taxa were positively
correlated (i.e. more abundant at higher temperatures), while the abundance of 83 taxa were negatively
correlated (i.e. more abundant at lower temperatures). Temperature influenced microbial consortia
compared to other process parameters with only 38 taxa were significantly correlated with OLR and 14
taxa significantly correlated with VFA concentration. In the PM system , 171 taxa were significantly
correlated with temperature. 92 taxa were positively correlated, while the abundance of 79 taxa were
negatively correlated. In comparison to SS system, other process parameters had a greater influence
on microbial consortia with 78 taxa significantly correlated with OLR and 109 taxa significantly
correlated with VFA in the PM system.
qPCR
The qPCR results for microbial samples from the SS and PM systems are detailed in Appendix Figure
C.1 and Appendix Table C.1, measured in average 16S copy number per ml sample. There were large
variations in the qPCR results obtained. No statistical difference was found between the control and





















































Figure 6.6: Principal coordinate analysis based on Bray-Curtis for the PM control and experimental
reactor microbial communities at the ASV level(Helliger transformed) over 22 sampling points (day
20 to 607). Each sample is represented by a single circle, coloured according to operating temperature.
Circle size increases with time. Taxa(ASVs) are presented as black crosses and populations contributing
most to the variability between microbial communities are labelled. Correlations with environmental
and operating parameters are indicated with arrows.
experimental reactor ”biomass estimates” during any operational phase in either feedstock systems.
Additionally the biomass estimates in the SS and PM systems were statistically similar. The use of
”16S copy number” as an estimate for biomass in mixed culture systems has significant limitations.
As discussed by Louca et al [195] and Ve˘trovsky´ et al [196], there are large variations in 16s copy
number for different microorganisms. This fact combined with the large portion of unknown taxa in
the mixed culture systems as well as known biases severely limits the application of the metric ”16s
copy number per ml of sample” as a quantitative estimate for biomass concentration in the SS and PM
systems studied.
6.4.2 Metabolic pathways
This section explores changes in metabolic pathways from reducing operating temperature in the SS
and PM systems. Methanogenic pathways were quantified using C and H isotope fingerprinting whilst
fermentation and acetogenic pathways are explored through changes of relative abundance of taxa
based on functionality suggested in literature as well as statistical correlations with metabolic activity
114 CHAPTER 6. METHANOSAETA DOMINATES IN LOW OLR 15°C AD
rates.
Methanogenic pathway
Methanogenesis imparts large isotopic effects on carbon and hydrogen atoms, yielding methane with
more negative δD and δ13C values than the source organic matter. Methane is produced primarily
through either i) reduction of CO2 with H2 (HM) or ii) cleavage of methyl group of acetate (AM).
The isotopic fractionation that occurs during methanogenesis is defined by the methanogenic pathway.
For carbon isotope signatures, low fractionation (ie High δ13CH4) occurs during the cleavage of the
methyl group of acetate to form methane, whereas high fractionation (Low δ13CH4) occurs during
the reduction of CO2 with H2 to form methane. Similarly for Hydrogen isotope signatures, in AM
three of the four hydrogen atoms in the formed methane are transferred from the acetate methyl group ,
whereas in HM, all four hydrogen atoms in methane are derived from the water molecule [7, 197]. H2
rapidly equilibrates with water [198] and the net isotope effect associated with incorporation of four
hydrogen atoms from H2 into methane during HM is 160 ‰ [7, 197].
Whilst the classifications for pathways are temperature and species-specific, generic ranges for aceti-









Table 6.3: αD and αC classification for methanogenesis sourced from [10]
Dominant Pathway αC αD
Hydrogenotrophic Methanogenesis αC > 1.065 αD ≈ 1.2
Acetoclastic Methanogenesis αC < 1.055 αD ≈ 1.45
Both 1.055 < αC < 1.065 na
As shown in Figure 6.7, based on both carbon and hydrogen isotopic signatures, acetoclastic methano-
genesis was the dominant methanogenic pathway in both sewage sludge and pig manure systems
at 37°C, 25 °C and 15 °C. Table C.3 details the fraction of methane produced via AM and HM
pathways based on H isotope fingerprinting from the SS and PM systems at 37°C, 25 °C and 15 °C.
Approximately 75 ± 7 % of methane was produced via acetoclastic methanogenic pathway regardless
of feedstock or operating temperature. This ratio is similar that reported by Woltemate et al [199]
for a sewage sludge system. Additionally the combined plot of carbon and hydrogen isotope ratios
of methane in appendix Figure 6.7 illustrates that all reactor samples align with the acetoclastic
methanogenesis region.
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The consistent dominance of acetoclastic methanogenic pathway aligns with the high relative abun-
dance of Methanosaeta in both feedstock systems at all operating temperatures.This result suggests
that previous microbial shifts towards HM previously reported for psychrophilic conditions, maybe
attributed to a combined of effect of increased VFA accumulation/reduced pH rather than the single
selective pressure of reduced temperature alone. Methanosaeta appeared to out-compete SAO-HM
in both SS and PM systems operated at low loading rates at psychrophilic conditions with low VFA
accumulation, low TAN and neutral pH.
Further evidence of Methanosaeta dominance at psychrophilic temperatures is illustrated in the FISH
images for the SS (Figure 6.8B) and PM (Figure 6.8A) systems at 15°C.The morphology and spatial
distribution of Methanosaeta is depicted in yellow forming long linked chains in Figure 6.8. The same
morphology of Methanosaeta is illustrate in both the SS and PM systems supporting the observation
of the same taxa being dominant in both systems.
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Literature-based functionality assignment to observed ASVs
Sewage sudge
Functionality assignment to the 38 most abundant taxa in the SS system was based on known and
suggestive functionality derived from literature.Only 13 out of the 38 most abundant taxa in the
SS system were able to be defined down to the genus level (refer Figure 6.2). Additionally some
taxa were unclassified and unable to be given any taxonomic assignment. Taking these limitations
into consideration, Figure 6.9 illustrates the changes in relative abundance of fermenters, acetogens
and methanogens within the top 38 most abundant taxa in the SS system. The assignment of taxa
to metabolic function was based on literature and taxa unable to be assigned to a function group
was classified as “unknown”. The bubble size is representative of the averaged cumulative relative
abundance of the trophic groups at the three different operating temperatures.
Overall cumulative RA of taxa assigned to fermenters, acetogens and methanogens displayed different
responses to reducing the operating temperature as illustrated in Figure 6.9. The relative abundance of
suspected fermenters was similar at 37°C and 25°C (22 ± 5%) and halved at 15°C (11 ± 2%). For
suspected acetogens, the relative abundance increased to 14 ± 5% at 25°C from 10 ± 4% at 37°C,
however decreased considerably at 15°C to 4 ± 1%. The relative abundance of methanogens, based
purely on the genus Methanosaeta was not influenced by temperature remaining constant at 37°C (12
± 5%), 25°C (13 ± 5%) and 15°C (13 ± 3%).
Regarding carbohydrate degradation, taxa assigned to genera Macellibacteroides and Lactobacillus
and family Draconibacteriaceae were abundant at 37°C, reduced in abundance at 25°C and were not
present at 15°C. Taxa assigned to family Lentimicrobiaceae was present in low abundance at 37°C
(0.4%), was enriched at 25°C to 8%, decreased initially at 15°C during process instability in Phase
III(0.04%) but reemerged as an abundant taxa in S2 during Phase IV(0.8%). Taxa assigned to the order
KCLunmb-38-53 and genus Fervidobacterium are examples of immigration in the SS system. Taxa
assigned to the order KCLunmb-38-53 whilst present in high abundance in the SS feed was degraded
or out-competed during mesophilic operations, however during psychrophilic operations in Phase IV a
period of enrichment were observed. On the otherhand, taxa assigned to the genus Fervidobacterium
was consistently present in high abundance in the SS Feed and both mesophilic and psychrophilic
effluent streams. This implies that either this taxa was an example of inactive biomass that was merely
transported through the system, or that it was a versatile genus and thrived in both mesophilic and
psychrophilic conditions. Fervidobacterium has a versatile metabolism able to ferment sugars, amino
acids and short chain fatty acids [200].
Regarding protein degradation, genera Mesgota [149, 189], Sedimentibacter [201], Thermovirga
[202],VadinBC27 wastewater sludge group [201] and Fervidobacterium [203] and families Synergis-
taceae [204]and Draconibacteriaceae [187] are suggested to have the capacity to ferment proteins or
amino acids. Despite individual taxa fluctuations the cumulative RA of taxa with suggested protein
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fermentation capabilities remained consistent around 7±2% at all operating temperatures. Taxa as-
signed to genus Mesgota and family Draconibacteriaceae were negatively impacted by the reduced
operating temperature, having high abundance at 37°C, reduced abundance at 25°C and were not
observed at 15 °C. Taxa assigned to genera Sedimentibacter and Thermovirga were enriched at 25°C
and taxa assigned to genera VadinBC27 wastewater sludge group and Fervidobacterium remained in
high abundance at all operating temperatures. One taxa assigned to the family Synergistaceae whilst in
low abundance in the control at 37°C, emerged as a dominant taxa in the experimental reactor during
operations at both 25 and 15 °C.
Regarding lipid degradation, genus Lactobacillus [190] and family Anaerolineaceae [205] have been
suggested in literature to be able to degrade lipids and long chain fatty acids (LCFA). The cumulative
RA of taxa with apparent lipid fermentation functionality was comparable at 37°C and 25°C (13 ±
5%) but reduced considerably at 15°(4±1%). Taxa assigned to the family Anaerolineaceae displayed
diverse responses to reduced temperature and highlight the variance of attributes for taxa within the
same order. Some taxa which appeared psycho-tolerant remained in high abundance at both 37°C and
25°C and were enriched at 15°C. Conversely other taxa although dominant at mesophilic temperatures
(37 and 25) were washed out or out-competed at psychrophilic conditions. Similarly the abundance
of taxa assigned to the genusLactobacillus was negatively impacted by the reduction in operating
temperature.
Regarding VFA degradation, genera Smithella [97],Candidas Cloacamonas [189] and Blvii28 wastewater-
sludge group [160],order Clostridiales [191] and class Bacteroidetes vadinHA17 [160] are known
or assumed acetogens. Taxa associated with class Bacteroidetes vadinHA17 and genera Smithella
and Blvii28 wastewater-sludge group were negatively impacted by the reduced operating temperature.
Genus Blvii28 wastewater-sludge group and class Bacteroidetes vadinHA17 associated taxa were
dominant at 37 and 25°C, however were out-competed or washed out at 15°C. Propionate-degrading
Smithella taxa was observed in high abundance at 37°C operations in the control reactor, however
abundance reduced after each temperature drop in the experimental reactor and fluctuating abundance
at relatively lower levels was observed during psychrophilic operations. Conversely the abundance of
taxa associated with the order Clostridiales was positively correlated with decreasing temperature with
enriched RA observed at both 25 and 15°C. Taxa assigned to Candidas Cloacamonas was observed
in high abundance at 37°C, enriched at 25°C, however RA reduced significantly during Phase IV of
psychrophilic operations at 15°C. Overall cumulative RA for taxa associated with acetogenic bacteria
increased at 25°C compared to 37°(primarily due to the increased RA of Candidas Cloacamonas) but
decreased significantly at 15°C due to the washout of many of the mesophilic acetogens.
Regarding methanogenesis, the two taxa associated with the genus Methanosaeta remained in high
abundance in both the control and experimental reactor at all operating temperatures. The selective
pressure applied by reduced operating temperature from 37°C to 15°C was not enough to reduce
Methanosaeta abundance or change the dominant methanogenic pathway. This sustained dominance
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of Methanosaeta at psychrophilic temperatures suggests that the low organic loading rate and low
acetate concentrations in the experimental reactor were sufficient to enable favourable conditions
for Methanosaeta to out-compete hydrogenotrophic methanogens. Methanosaeta is an obligate
acetoclastic methanogen, suggesting that acetoclastic methanogenesis was the dominant methanogenic
pathway at all operating temperatures (refer Section 6.4.2 for more in-depth analysis of this pathway).
Pig manure
Functionality assignment to the 53 most abundant taxa in the PM system was based on known and
suggestive functionality derived from literature. 26 out of the 53 most abundant taxa in the SS system
were able to be defined down to the genus level (refer Figure 6.3). With consideration to the limitations
associated with taxa classifications above genus level and unclassified taxa, figure 6.10 estimates
the changes in relative abundance of fermenters, acetogens and methanogens within the top 53 most
abundant taxa in the PM system. The assignment of taxa to metabolic function was based on literature
and taxa unable to be assigned to a function group were classified as “unknown”. The bubble size is
representative of the averaged cumulative relative abundance of the trophic groups at the three different
operating temperatures. In the PM system, acetogens were the trophic group most affected by the
temperature reduction to 15°C, followed by lipid fermenters and hydrogenotrophic methanogens. The
abundance of fermenters and acetoclastic methanogens were statistically similar across all operating
temperatures. Even taking into consideration the limitations of unknown function and only analysing a
sub-sample, it is evident that there was a significant imbalance between the abundance of fermenters
and acetogens amongst the abundant taxa in the PM system at 15°C. This imbalance supports the
imbalance reported in the activity profiles detailed in section 5.4.2 in Chapter 5.
Regarding carbohydrate degradation, taxa assigned to genera Bifidobacterium [53], Bacteroides
[190, 206], Candidatus Cloacamonas [200], Lactobacillus [190], Streptococcus [200], Ruminiclostrid-
ium [207], Turicibacter [208], Acinetobacter [209, 210], Psychrobacter [190], families Draconi-
bacteriaceae [187], Lentimicrobiaceae [188], Clostridiaceae 1 [200], Peptostreptococcaceae [200],
Ruminococcaceae [200], Neisseriaceae [200], order Bacteroidales [200, 211] and class Opitutae [212]
have been suggested to have carbohydrate/starch hydrolysing or sugar/glucose fermenting capabilities.
The cumulative relative abundance of taxa assigned to known or suggested sugar fermenters was
statistically similar at 37°C and 15°C. The cumulative abundance was however reduced both during
Phase II (25°C) and during the initial period of process instability in Phase III. The 24 taxa present in
the PM system with suggested sugar fermentation capabilities were phylogenetically diverse. Some
taxa were correlated positively correlated with temperature, some negatively correlated and some
showed no significant difference in abundance due to reduced operating temperature. Even taxa
assigned to the same order or genus displayed opposing responses to reduced operating temperature
(e.g. taxa assigned to Lactobacillus and order Bacteroidales). Suggested psychrophilic taxa assigned
to genera Bifidobacterium and Lactobacillus and order Bacteroidales were negatively correlated with
temperature. Taxa assigned to genera Bacteroides. Lactobacillus, Streptococcus and Turicibacter
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and families Clostridiaceae 1 and Peptostreptococcaceae showed no correlation with temperature
with abundance remaining statistically similar at all operating temperatures. Suggested mesophilic
taxa assigned to families Draconibacter, Lentimicrobiaceae and genera Candidatus Cloacamonas
and Ruminiclostridium were positively correlated with temperature being most abundant at 37°C.
Taxa assigned to class Opitutae is a suggested psychrotolerant mesophile with the abundance being
statistically enriched at 25°C during Phase II, but statistically similar at 37 and 15 °C.
Regarding protein degradation, taxa assigned to genera vadinBC27 wastewater-sludge group [201],
Candidatus Cloacamonas [200], Streptococcus [200], Clostridiaceae 1 [200], Peptostreptococcus
[213], Acinetobacter [200, 209, 210], families Draconibacteriaceae [187], Peptostreptococcaceae
[200] have been suggested to be capable of protein hydrolysis and or amino acid fermentation.
The cumulative relative abundance of these 10 taxa assigned to known or suggested amino acid
fermenters was statistically similar between the control and experimental reactor at both mesophilic
and psychrophilic operating temperatures. This is primarily due to the abundance of taxa assigned
to genera Streptococcus, vadinBC27 wastewater-sludge group and Peptostreptococcus and families
Clostridiaceae 1 and Peptostreptococcaceae being independent of temperature. Taxa assigned to
genera VadinBC27 wastewater-sludge group and Candidatus Cloacamonas and family Draconibacter
were positively correlated with temperature and most abundant at 37°C. Similar to the trends observed
for sugar fermentation, taxa assigned to the same genus displayed different response to temperature.
For example two taxa were assigned to the genus VadinBC27 wastewater-sludge group, one taxa was
not impacted by temperature whilst the other taxa was negatively correlated with temperature.
Regarding lipid degradation, taxa assigned to genera Bacteroides [190, 206], Candidatus Cloaca-
monas [200], Lactobacillus [190], Acinetobacter [209, 210] and Psychrobacter [190], families Pep-
tostreptococcaceae [200], Ruminococcaceae [200], have been suggested to have lipid degrading or
long chain fatty acid (LCFA) fermenting capabilities. The cumulative relative abundance of the 13 taxa
assigned to known or suggested fatty acid fermenters was statistically similar at 37 and 25°C, however
significantly reduced at 15°C. This overall trend can be attributed to the reduction in abundance
of taxa assigned to genus Candidatus Cloacamonas and family Anaerolineaceae being reduced at
psychrophilic temperatures. Other taxa assigned to genera Bacteroides, Lactobacillus and families
Anaerolineaceae and Peptostreptococcaceae showed no statistically significant change associated with
temperature. One taxa assigned to genus Lactobacillus was enriched at 15°C.
Regarding VFA degradation, taxa assigned to genera Bifidobacterium [53], Smithella [97, 160], Pseu-
domonas [214] and Candidatus Cloacamonas [189] and order Clostridiales [191] are known or
suggested acetogens. The cumulative relative abundance of taxa assigned to acetogens were statisti-
cally similar at 37 and 25°C, however reduced significantly at 15°C. Candidatus Cloacamonas was
positively correlated with statistically reduced abundance at 25°C compared to 37°C control reactor
during Phase II and no observable abundance at 15 °C during Phase IV. Other taxa assigned to genus
Smithella (propionate-degrader [160]) and order Clostridales (SAO [191]) showed no statistically sig-
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nificant change associated with temperature.Taxa associated with genus Bifidobacterium, a propionate
degrader via transcarboxylase cycle [53], was negatively correlated with temperature being enriched in
psychrophilic environment. Compared to fermenters and methanogens, acetogens were the trophic
group most affected by the reduction in temperature with the relative abundance being significantly
lower at 15°C.
Regarding Methanogenesis, taxa assigned to genus Methanosaeta, an obligate aceticlastic methanogen
[200], was the dominant methanogen. Methanosaeta maintained statistically similar high abundance
across all operating temperatures indicating aceticlastic methanogensis as the dominance methanogenic
pathway at both mesophilic and psychrophilic conditions in the PM system. Taxa assigned to genus
Methanobrevibacter [215], class WCHA1-57 which was recently renamed Candidatus Methanofas-
tidiosa [159] and phylum Bathyarchaeota [207] were suggested hydrogenotrophic methanogens.
Methanobrevibacter, which has been reported to partner with SAOs of order Clostridales, and WCHA1-
57 occurred in statistically similar abundances at 37 and 15°C. Taxa assigned to phylum Bathyarchaeota
was observed to reduce in abundance at 15°C and contributed to the over trend of hydrogenotrophic
methanogens reducing in abundance at psychrophilic conditions.
Overall amongst the most abundant taxa with known or suggested function, the relative abundance
of taxa responsible for fatty acid degradation and acetogenesis were the most severely affected by
the transition to psychrophilic operations. Although the abundance was statistically similar at 37 and
25, significantly reduced at 15°C. This aligns with the results of the activity batch testing results in
Chapter 5 section X with oleic acid fermentation and propionate degradation being the two metabolic
steps most affected by the temperature reduction to 15°C in the PM system.
Relating microbial community dynamics to metabolic process kinetics
Changes in activity rates for the key metabolic steps in AD detailed in section 5.3.3 described reduced
process capacity at lower operating temperatures. In an attempt to correlate microbial dynamics with
reduced functional capacity, these km values were combined with the microbial communities from
the SS and PM data sets at the time of the batch activity assays and correlated based on a generalised
linear model using rarefied raw counts with negative binomial distribution and absolute km values. The
correlations were correcting for confounding factors of feedstock and time. Only taxa with a p.value
adjusted for False Discovery Rate (FDR) greater than 0.05 for at least one metabolic process was
included in appendix Figure C.7 and C.8.
Appendix Figures C.7 and C.8 display the log fold change for individual taxa against km metabolic
values and illustrates suggestive relationships between taxa and function. These correlations do
not necessarily imply function, rather metabolic step-dependent conditions which may impact taxa
abundance. For example a taxa negatively correlated with protein hydrolysis may in fact be a taxa
sensitive to [NH4] produced during subsequent amino acid degradation. Although these statistical
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correlations are limited, they can act as a starting point for taxa whose functional capacity is currently
unknown and offer insights into their interactions/competitors or role within the microbial community.
For example taxa assigned to Candidatus Falkowbacteria (Parcubacteria phylum) was abundant
in the PM system during psychrophilic operations, however its functional role in AD is currently
unknown. Based on the statistical analysis (refer Appendix Figure C.8), there was a significant positive
correlation between Candidatus Falkowbacteria abundance and butyrate degradation rate. As stated
above this correlation does not directly imply that Candidatus Falkowbacteria has butyrate degradation
capabilities, rather that the abundance of Candidatus Falkowbacteria is influenced by the rate of
butyrate degradation. Candidatus Falkowbacteria could be a fermentative bacteria producing butyrate,
a butyrate degrader or a syntrophic acetate oxidiser benefiting from acetate produced during butyrate
degradation. Alternatively, Candidatus Falkowbacteria could be a bacteria less sensitive to pH and
able to become more abundant at lower pH conditions and therefore favourably affected by the [H+]
produced during Butyrate degradation. On the other hand Candidatus Falkowbacteria may produce
[H2] during its metabolism and may benefit from the [H2] removed due to a syntrophic relationship
between a butyrate degrader and hydrogenotrophic methanogen. Overall these statistical correlations
whilst unable to provide direct links between taxa and function, do suggest symbiotic and antagonistic
relationships between different taxa and metabolic processes whilst providing an insight into the
complexity of interactive networks within the microbial community.
For taxa that were normally distributed, further statistical correlations using linear Pearson and
monotonic Spearman relationships between taxa abundance and metabolic rates are presented in
appendix figures C.9 and C.10. The lack of agreement between different correlation metrics highlights
that in this study, relationships between taxa abundance and metabolic rates were further complicated by
factors including (i) immigration, (ii) temperature-dependency of specific uptake rates and inhibition
factors as well as (iii) natural fluctuations in microbial community dynamics and alpha diversity
associated with systems fed with complex substrates. Lack of correlations between key taxa and
performance parameters has also been reported in previous studies [216].
The “effective” kinetic rate constant (km,i) measured in Chapter 5 through batch activity assays can be
described in equation 6.3
km,i =∑ki, j ·X j · I (6.3)
where km,i is the product sum of
(i) ki,j : the specific uptake rate of species j for the metabolic process i,
(ii) Xj the abundance of species j and
(iii) I :inhibition factors influencing metabolic reaction i,
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for all the species contributing to metabolic process i.
In the previous section, an attempt to correlate km,i with Xj was conducted through statistical analysis,
however direct links were unable to be derived due to the fact that the species specific uptake (ki,j)
as well as inhibition factors (I) were also impacted by temperature.The example of Methanosaeta,
illustrates the large influence of temperature-dependant changes to ki,j and I impacting “effective”
km,ac for aceticlastic methanogenesis. Methanosaeta abundance (XAM) was statistically similar at all
temperatures in both SS and PM systems. Therefore rather than changes in microbial abundance, the
reduction in km,ac with temperature were caused by changes in the specific uptake rate for Methanosaeta
(kac,AM) and changes in inhibition factors (I). At lower temperatures enzyme efficiency can be reduced
and there is an increase in energy required for anabolic process (cell maintenance). These factors
coupled with the reduction in acetate diffusivity and increased solubility of methane and carbon dioxide
at psychrophilic temperatures are some possible factors that may have reduced (kac,AM). Additionally
the lower pH could have increased the influence of IpH on km,ac at lower temperatures.
Although microbial abundance has been successfully correlated to metabolic performance by previous
authors [140, 166], due to the temperature-dependency of other factors influencing metabolic kinetics,
links between individual microbial abundance and functional capacity were unable to be established.
In the present study metabolic kinetics were impacted by factors including:
• microbial community changes
• catabolic efficiency of the functional microbes present
• thermodynamics. Temperature impacts what metabolic pathways are more thermodynamically
favourable, which in turn influences what microbes dominant
• chemical equilibrium (e.g. in creased gas solubility at lower temperatures). This changes
substrate/product concentrations which affects the rate of metabolic reactions
• mass transfer limitations (e.g. reduced substrate diffusivity at lower temperatures) changes the
substrate availability for metabolic reactions to proceed.
The temperature-dependency of the thermodynamics, gas solubility and substrate diffusivity will be
explored in the following sections.
6.4.3 Temperature-dependent factors influencing microbial metabolic rates
Thermodynamics
Figure 6.11 details the thermodynamic sensitivity of metabolic reactions involved in fermentation,
acetogenesis and methanogenesis in the temperature range 15 -37 °C. The highly negative Gibbs free
energy values for the degradation of sucrose into butyrate as well as propionate and acetate illustrate
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that under both standard and low PH2 conditions, fermentative reactions (acid and hydrogen producing
metabolic steps) are the most thermodynamically favourable.
The positive Gibbs free energy values associated with butyrate and propionate degradation demonstrate
that at standard conditions and neutral pH, acetogenic reactions are not thermodynamically possible.
These reactions only become thermodynamically favourable under conditions of low hydrogen partial
pressure (e.g. ∆ G’* conditions) and relies on the symbiotic relationship between acetogens (hydrogen
producers) and hydrogenotrophic methanogens (hydrogen consumers) to engender a low PH2 envi-
ronment. From the activity profile detailed in Section 5.4.2, acetogenesis was the process step most
affected by the temperature drop from 37 °C to 15 °C. Additionally propionate accumulation was
observed in both the SS and PM experimental reactors whilst operating at 15 °C. The positive Gibbs
free energy value for propionate degradation, Methylmalony-CoA pathway at PH2 = 10-3 atm and
(conditions listed in Figure 6.11), illustrates the sensitivity of this metabolic pathway to thermodynamic
changes at reduced operating temperature.
Whilst at standard conditions, hydrogenotrophic methanogenesis is more thermodynamically favourable,
under conditions of low acetate and low hydrogen as is the case for ∆ G’([Hac]=1mM, PH2= 10-3 atm,
the two pathways are comparable at 15°C, and above 25°C the aceticlastic pathway is more thermo-
dynamically favoured (due to the low PH2 conditions). The increased dominance of the aceticlastic
methanogenic pathway and reduction in Archea diversity at lower temperatures increases process risk.
The increased imbalance at low temperatures between hydrogen producers and hydrogen consumers
means there is reduced hydrogenotrophic methanogenic capacity to recover from shock loads or
other process disturbances. As detailed in Appendix Figures C.4, C.5 and C.6, there is only a small
range of hydrogen partial pressures in which the syntrophic degradation of intermediates e.g. propi-
onate/butyrate is thermodynamically possible. This methanogenic niche changes with temperature
and as detailed in Figure 6.12 reducing the operating temperature from 37 to 15 degrees which not
only caused a slight reduction in hydrogen partial pressure range but more importantly shifted the
methanogenic niche down by approximately an order of magnitude. This shift in thermodynamics
means that there is a lower tolerance of hydrogen at lower temperatures and hence increased risk of
VFA accumulation and process failure.
Figure 6.12 details the methanogenic range for butyrate degradation and propionate degradation via
Smithella and Methylmalonyl-CoA pathway. At all temperatures, butyrate degradation can occur at
higher hydrogen partial pressure compared to propionate degradation with a maximum [PH2] of 1.0
x 10-1 at 37°C, decreasing to a maximum of 1.2 x 10-2 at 15°C. The Methylmalonyl-CoA pathway
is the more sensitive propionate degradation pathway with the maximum [PH2] being reduced from
5.9 x 10-2 at 37°C to 6.9 x 10-3 atm at 15°C. Further details on the derivation of Figure 6.12 are given
in Appendix B.9.The genus Smithella degrading propionate via the Smithella pathway and genus
Candidatus Cloacimonas degrading propionate via the Methylmalonyl-CoA pathway were identified
in both the SS and PM systems. Based purely on thermodynamics, taxa degrading propionate via














































Smithella Pathway Methylmalonyl-CoA Pathway
Temperature
Figure 6.12: Hydrogen partial pressure ranges where propionate degradation
via Smithella and Methylmalonyl-CoA pathways and butyrate degradation are
thermodynamically possible based on Gibbs free energy calculations at pH 7,
[acetate]=[propionate]=[butyrate]=1mM,[bicarbonate]=50mM,pCH4=1atm and Temperatures
37, 25 and 15 °C
the Smithella pathway would be advantaged over taxa degrading propioante via the Methylmalonyl-
CoA pathway at psychrophilic temperatures. In the PM system this was the case with taxa associated
Smithella being reduced at 15°C whilst Candidatus Cloacimonas was completely washed out. Similarly
in the SS system, greater reductions in relative abundance were recorded for Candidatus Cloacimonas
compared to Smithella when the operating temperature was reduced from 25 to 15°C. However at 15°C
(Phase IV) the relative abundances of Smithella and Candidatus Cloacimonas were statistically similar,
suggesting that both propionate degradation pathways are feasible at 15°C despite thermodynamic
constraints. It should be noted however that Candidatus Cloacimonas has been reported to contribute
to multiple metabolic pathways, therefore the mere presence of Candidatus Cloacimonas does not
equate to an active Methylmalonyl-CoA propionate degradation pathway and further research using
post-genomic approaches would be required for verification.
From a thermodynamic point of view due to reduced tolerance of hydrogen partial pressure at lower
temperatures there is an increased reliance on hydrogenotrophic methanogens and their syntrophic
relationship with acetogens at psychrophilic temperatures. However, despite this increased reliance,
the microbial analysis (refer Figure 6.10 for PM system and Figure 6.09 for SS system) suggests there
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was in fact a decrease in abundance of HM and acetogens at 15°C compared to 37°C. This suggests that
this syntrophic relationship between acetogenic bacteria and hydrogenotrophic methanogens is more
sensitive at lower temperatures. The temperature-dependency of the syntrophic partnerships between
different acetogens and HMs will also depend on the electron transfer mechanism ( extracellular
electron transfer (EET) vs direct interspecies electron transfer (DIET)). The work of Lin et al [217]
demonstrated a distinct temperature-dependent correlation between biomass conductivities, pilA
gene, and heme-binding proteins, suggesting operating temperature (20-55°C) influences the relative
contributions of various DIET routes (via pili, redox proteins, and conductive materials). Another study
by Tian et al [218] indicated enrichment of Geobacter for systems with graphene at low temperatures,
suggesting that the direct interspecies electron transfer might be promoted through graphene addition
at low temperatures (10-20°C). Both these studies indicate the potential for additives such as graphene
to artificially stimulate acetogenic reactions at low temperatures. However further work is required
to understand the temperature dependency of these potential additives and their direct impact on
promoting syntrophic partnerships and favourable electron transfer routes to artificially improve the
thermodynamics of acetogenic reactions at lower temperatures.
Gas solubility
The impact of temperature upon the solubility of hydrogen, methane and carbon dioxide gas is detailed
in Appendix Figure C.11. Reducing the operating temperature from 37°C to 15°C had the greatest
impact on carbon dioxide solubility which increased greater than 100% to over 2 gCO2/kgH2O. This
has important implications for increasing the buffer capacity of the AD system to assist with recovery
from shock loads and increased process risk at lower temperatures. Below 20°C, the solubility of
methane increases greatly and the temperature drop from 37°C to 15°C increased methane solubility
by 70% to 0.027 gCH4/kgH2O.
A more constant increase in solubility over the studied temperature range was observed for hydrogen,
increasing approximately 0.0001 for each 10 degree temperature reduction. Although in comparison
to CO2 and methane, hydrogen only increased 18% in solubility between 37 and 15°C, this increase
to 0.00165 gH2/kgH2O) at 15°C will significantly impact thermodynamics of acetoclastic reactions as
detailed in Figure 6.12. Additionally the increase in methane and carbon dioxide solubility will make
methanogenic reactions less thermodynamically favourable.
Substrate diffusivity
In addition to factors influencing metabolic reaction rates within microorganisms, the impact of
temperature on extracellular mass transfer rates of substrates within the bulk liquid should also be
considered. Although the four metabolic processes occur simultaneously, products produced by
upstream processes steps (e.g.fermentation) become substrates for downstream process reactions
(acetogenesis/methanogenesis). Therefore reduced substrate transportation can become process lim-
iting for acetogenesis or methanogenesis. Storck et al [169] reported extracellular limitations for
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acetogenic metabolic capacity involving mediated interspecies electron transfer between acetogens
and hydrogenotrophic methanogens. Diffusivity is influenced by temperature as given by equation 6.4






Where R is the gas constant, F is the Faraday constant, T is temperature and λ 0 is the molar (equivalent)
conductivity at infinite dilution.
As highlighted by equation 6.4, diffusivity is proportional to temperature and therefore the diffusion
coefficients of ions decrease with decreasing temperature [219]. Table 6.4 details the change in
diffusion coefficient (D) at atmospheric pressure for 15-35°C for representative organic ions and gases
involved in acetogenesis and methanogenesis. In addition to temperature, the rate of diffusion is
impacted by concentration gradients and particle size. Table 6.4 details the decrease in Diffusion
coefficient with increasing molecular size with the largest substrate butyrate- having the slowest
diffusion coefficient.
Although organic anions (butryate, propionate and acetate) have lower diffusion coefficients compared
gases (H2, CO2, CH4) (due to their larger molecular size and ionic charge), the relative change in
diffusivity with temperature was similar for all gases/ions at approximately 2-3% reduction per degree
temperature drop.The approximately 40% reduction in diffusivity rate of the organic anions(reaction
substrates) and gases(reaction products) at 15°C (relative to 37°C), could have contributed to the lower
km values obtained for butyrate degradation, propionate degradation and aceticlastic methanogenesis
at psychrophilic temperatures.
Diffusion coefficient in water (*10−5 cm2 s-1)
35°C 25°C 15°C Source
Hydrogen 6.31 5.11 4.08 [220]
Carbon Dioxide 2.47 1.91 1.45 [220]
Methane 2.35 1.84 1.43 [220]
Acetate- 1.40 1.09 0.85 [219]
Propionate- 1.19 0.95 0.71 [220]
Butyrate- 1.09 0.87 0.65 [220]
Table 6.4: Diffusion coefficients for gases and organic anions in water at 35, 25 and 15°C
Dominant factors governing metabolic rates at different temperatures
As highlighted by previous sections temperature influences the thermodynamics of process reactions,
physical equilibrium changes (e.g. gas solubility), mass transfer rates(e.g. substrate diffusivity) and
microbial shifts. However it is unclear which of these factors play a more dominant role in defining
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the catabolic pathways and individual activity rates of hydrolysis, acidogenesis, acetogenesis and
methanogenesis at different temperatures.
Figure 6.13 and 6.14 compare the relative change in temperature-dependent physical, chemical and
biological factors with the change in metabolic process rates over the temperature range 15-37°C
for the SS and PM system respectively. For each temperature-dependent factor, values are displayed
relative to those at 37°C (or 35°C in the case of Diffusivity). A positive percentage change represents a
change expected to improve process kinetics, whilst a negative percentage change represents a change
expected to decrease process kinetics. Metabolic process rates (km) were based on batch activity
tests conducted with temperature-adapted inoculum detailed in section 5.4.2. Thermodynamics of
process reactions are represented by the change in Gibbs free energy (∆G’, kJ mol-1) of the metabolic
reaction for conditions (1 atm, 1 mM VFA, 50 mM bicarbonate, 1 atm PCH4)(refer section 6.4.3).
Substrate diffusivity was measured as the diffusion coefficients (D, cm2 s-1) of the ions or gases in
water at atmospheric temperature (refer section 6.4.3). The increase in gas solubility with decreasing
temperature was measured as a negative percentage change from 37°C values measured in ggas
kgwater-1 (refer section 6.4.3) Although gas solubility increased by 50% at 25°C relative to 37°C, it is
displayed as negative percentage change as increased gas solubility of product gases negatively impacts
process kinetics. Microbial shifts were approximated by the cumulative abundance of taxa assigned to
microbes with known of assumed metabolic function, derived from only the top abundant taxa from
each respective feedstock system (refer section 6.4.2). Whilst this is a limited metric due to unknown
and unclassified taxa, the role of microbial community structure in determining the metabolic rates can
also be inferred from comparing the change in metabolic rates between the SS and PM systems as
other temperature-dependent factors (e.g. thermodynamics, gas solubility) should be identical for both
feedstock systems.
Comparing the SS and PM systems, the change in km with temperature (navy blue lines in Figure
6.13 and 6.14, also refer Figure 5.12) increased in similarity between the two feedstock systems
with each progressive metabolic step along the AD process (ie feedstock driven microbial shifts
influenced hydrolysis and fermentation processes the most and acetoclastic methanogensis the least).
The decreasing role of microbial composition aligns with the reduced diversity of possible metabolic
pathways and reduced number of microorganisms able to perform the metabolic reaction with each
subsequent metabolic step.
For hydrolytic reactions, microbial community shifts exhibited the greatest percentage change of
the temperature-dependent factors considered to influence process kinetics. Impact of microbial
community composition on fermentation capacity supports knowledge of i) high phylogenetic diversity
of fermenters, ii) high diversity in possible digestion pathways and iii) high functional redundancy
in hydrolytic and fermentative processes [149]. The different feedstock systems (PM and SS) sup-
ported and enriched different fermentative communities and different fermentation pathways which
engendered different rates for hydrolytic and fermentative metabolic steps between the PM and SS
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systems.
For acetogenic reactions, increased hydrogen solubility, decreased substrate diffusivity, reduced
abundance of taxa with acetogenic functional capacity and reduced thermodynamic favourability
of acetogenic reactions are all factors contributing to the low reaction rates under psychrophilic
conditions. Thermodynamic constraints exhibited the largest changes of the temperature-dependent
factors expected to affect metabolic rate. Greater reductions in propionate degradation rate (km,pro)
compared to butryate degradation rate (km,but) align with greater changes in thermodynamic constraints
for propionate compared to butyrate degradation with decreasing temperature. Previous authors have
also proposed the dominance of thermodynamics governing metabolic reactions with low change in
free energy such as acetogenic reactions. Junicke et al [221] provided experimental evidence for the
thermodynamic control of anaerobic butyrate conversion. A review by Leng et al [222] provided
literature and modelling support for propionate degradation reaction kinetics being controlled by
thermodynamics rather than typical Monod reaction kinetics. Additionally Großkopt and Soyer [168]
noted thermodynamic driven emergence of microbial diversity is most relevant to metabolic conversions
with low free energy (e.g. acetogenic reactions) and acetogen population dynamics is governed by
thermodynamic effects rather than kinetic factors e.g. substrate uptake rate.
For methanogenic reactions, the PM and SS systems displayed similar decreases in capacity with
decreasing temperature. For acetoclastic methanogenesis, the same taxa assigned to Methanosaeta
remained at statistically similar abundance at all temperatures in both feedstock systems. This
suggests that microbial consortia became psychrotolerant for methanogenic substrates, rather than
truly psychrophilic, an observation also reported by other mesophilic-psychrophilic studies [130, 223,
224]. Microbial shifts did not therefore play a dominant role in reducing the rate of acetoclastic
methanogensis(km,ac) at psychrophilic temperatures. The reduction in km,ac reflects the reduced activity
of the suggested psychrotolerant mesophilic Methanosaeta species away from the optimum temperature
(35-40°C). This reduced activity of Methanosaeta coupled with reduced acetate diffusivity in the bulk
phase and increased solubility of product gases methane and carbon dioxide are suggested to have
governed the reduction in acetoclastic methanogenic activity observed at psychrophilic temperatures.
In addition to substrate mass-transport reductions in the bulk-phase, substrate transport across the cell
membrane is also inhibited at psychrophilic conditions [225]. Psychrotolerant microorganisms adapt
to lower temperatures by changing the physio-chemical structure of their cell membrane. This physio-
chemical change reduces the fluidity of the membrane and causes stiffening of transport proteins which
inhibit substrate transport across the cell membrane [225].
Despite the improved substrate solubility (H2 and CO2) and associated improvements in thermody-
namics at lower temperatures, hydrogenotrophic methanogenic capacity reduced at psychrophilic
conditions in this study. The reduction in hydrogenotrophic methanogenic capacity at 15°C was
influenced by increased methane solubility and reduced hydrogen and carbon dioxide diffusivity.
Additionally there was reduced abundance of hydrogenotrophic methanogens, potentially due to the
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loss of syntrophic relationships with acetogens at 15°C.
In this study, investigating the temperature range 15-37°C for AD systems fed complex substrates at
low OLR (1-1.5 kgV S m−3 d−1), a series of temperature-dependent factors expected to affect rate were
observed. All metabolic rates decreased with decreasing temperature.
• For hydrolytic reactions, feedstock-dependent microbial shifts and digestion pathways exhibited
the largest change with decreasing temperature
• For acetogenic reactions, thermodynamic constraints exhibited the largest change with decreasing
temperature.
• For methanogenesis, changes in substrate diffusivity and product gas solubility were the most
significant with decreasing temperature.
6.5 Conclusion
The efficiency and stability of the anaerobic digestion process is dependent on the symbiotic activities
and balance between different trophic groups. Whilst previous studies have investigated the nexus
between process performance and microbial community dynamics under mesophilic conditions, a
deeper understanding of the microbial community structure, metabolism, function and dynamics under
different operating conditions is important for process optimisation. Additionally, whilst it is known
that metabolic activities are lower at psychrophilic temperatures, the relative contribution of microbial
community dynamics, mass transfer rates, thermodynamics and chemical equilibrium to reducing
these kinetics remains poorly understood. The aim of this study was to investigate the impact of
feedstock and operating temperature on microbial community dynamics and provide insight into the
role of phylogenetic diversity, balance between trophic groups, dominant metabolic pathways and
thermodynamic changes in determining metabolic activities and process performance.
The microbial community dynamics were monitored for two feedstock systems : sewage sludge (SS)
and pig manure (PM). The 5.5L lab-scale systems were operated for over 600 days at an organic
loading rate of 1-1.5 kgVS m-3 d-1 and subject to sequential decrease in temperature from 37 to 25 to
15°C. Feedstock was found to be a greater determinant for microbial community structure compared
to temperature in the range 15-37°C. Feedstock explained 47% of microbial community variance
compared to temperature which explained 16%. Higher phylogenetic diversity was observed in the
SS system compared to the PM system. In both feedstock systems, similar microbial richness and
phylogenetic diversity were observed at 37°C and 25°C, however reducing the operating temperature
to 15°C resulted in an increase in both microbial richness and evenness. This increased diversity is in
part associated with immigration and a greater increase in residual feedstock biomass from slower
hydrolysis kinetics and cell lysis when operating at psychrophilic temperatures.
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In both feedstock systems, the reduction in temperature resulted in greater microbial shifts in the
bacterial population compared to the archean population with Methanosaeta, an obligate acetoclastic
methanogen, observed in high abundance at all operating temperatures. Carbon and hydrogen isotope
fingerprinting supported this finding with acetoclastic methanogenesis being indicated as the dominant
methanogenic pathway at both mesophilic and psychrophilic operating temperatures. Comparing the
two feedstock systems, greater shifts in the bacterial community were observed in the SS system
compared to the PM system as a result of reduced operating temperature. In the SS system Candidatus
Cloamonas and family Lentimicrobiaceae were enriched at 25°C and taxa associated with class
LD1-PB3 emerged to be dominant at 15°C. In the PM system taxa assigned to class Opitutae and
phylum SR1 were enriched at 25°C and taxa associated with classes Candidatus Shapirobacteria
and Candidatus Nomurabacteria emerged to be dominant at 15°C. The abundance of Candidatus
Cloamonas was positively correlated with temperature in the SS system, however negatively correlated
with temperature in the PM system. This difference in the temperature-dependent shifts highlights
that taxa dynamics do not occur in isolation, differences in phylogenetic diversity and balance of
trophic groups between the two feedstock systems would have caused Candidatus Cloamonas to have
different competitors, different potential syntrophic partners and different opportunities to dominate or
be out-competed.
Although there are significant limitations regarding functional assignment to taxa in the AD systems
studied, literature-based approximations indicated a significant imbalance between abundance of
fermenters and acetogens in PM system at 15°C which is consistent with activity results detailed in
Chapter 5. From a thermodynamic point of view, acetogenesis was the most sensitive metabolic step
to the temperature reduction from 37°C to 15°C. The region of hydrogen partial pressures to enable
acetogenic reactions to be thermodynamically possible was reduced by an order of magnitude between
37°C and 15°C. This reduced window of opportunity combined with increased gas solubility at lower
temperatures may have contributed to the reduced abundance of identified acetogens and reduced
acetogenic activities at 15°C.
Statistical correlations between taxa abundance and activity kinetics were unable to provide insights
into taxa functionality due to complications such as immigration and temperature-dependence of
specific uptake rates and inhibition factors. Furthermore the temperature dependence of acetoclastic
methanogenic activity was more likely governed by the temperature sensitivity of acetate diffusion and
gas product solubility rather than thermodynamics or taxa abundance, given the constant abundance of
Methanosaeta at all operating temperatures.
Overall process stability was not correlated with phylogenetic diversity rather appears more dependent
on the relative balance of fermenters, acetogens and methanogens. In this study, microbial composition
derived from feedstock greatly influenced the temperature-dependency of hydrolytic and fermentation
kinetics. Increasing thermodynamic constraints at lower temperatures hindered acetogenic reactions
which were reflected in microbial shifts. Furthermore, the lower acetoclastic methanogenic activ-
ity at psychrophilic conditions were suggested to be related to mass-transfer limitations at lower
temperatures.
Findings from this study highlight the importance of feedstock in establishing balanced trophic groups
as well as the current limitations associated with the large proportion of unclassified micro-organisms
in complex AD systems. Future work is recommended using post-genomic approaches to directly link
phylogenic identity with function and also further explore mass-transfer limitations associated with
acetogenic and methanogenic process reactions at low temperature.
Chapter 7
Metabolic process kinetics, digestion
pathways and temperature impact
co-digestion capacity
7.1 Abstract
Anaerobic co-digestion (AcoD) involving the simultaneous digestion of multiple waste materials is
an effective technique to leverage existing infrastructure and maximise methane production from
organic waste. For AD systems operating without temperature control, temperature-dependency of
co-digestion capacity is an important consideration. Whilst research has been undertaken in the
mesophilic-thermophilic range, the impact of temperature on co-digestion at mesophilic-psychrophilic
conditions has not yet been explored. This study investigates the impact of temperature on mesophilic-
psychrophilic AcoD by comparing the capacity of sewage sludge (SS) to co-digest food waste (FW) or
glycerol (GLY) at 15, 25 and 37°C. Batch biomethane potential (BMP) assays were conducted with
co-substrate loading between 0-100% additional COD using inoculum adapted to both SS and test
temperature. BMP results indicated that co-digestion capacity was influenced by both temperature
and co-substrate type. Temperature impacted both the ultimate methane yield as well as the residence
time required to achieve the methane potential (20 days at 37°C, 30 days at 25°C and 80 days at
15°C). The SS system could co-digest higher amounts of FW compared to GLY at all temperatures (37,
25 and 15°C). Maximum FW loading was 100% additional COD at 37 and 15°C, however reduced
to 75% additional COD at 25°C. In contrast GLY co-digestion capacity decreased with decreasing
temperature from 75% additional COD at 37°C to 25% additional COD at 15°C. Differences in
co-digestion capacity for FW and GLY at different temperatures can be linked to substrate digestion
kinetic rates, diversity of digestion pathways and the metabolic capacity of the rate limiting step.
FW, due to greater diversity in macro composition (carbohydrate, protein, lipid) compared to GLY,
stimulated a higher diversity of digestion pathways, therefore the added COD was distributed through
a greater variety of intermediate products (e.g. acetate, butyrate, propionate, valerate). In comparison
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GLY almost entirely degraded into propionate, causing higher accumulation of propionate and total
VFAs at the same COD loading compared to FW. Additionally GLY ferments at a faster kinetic
rate compared to FW hydrolysis. The faster GLY digestion kinetics resulted in a greater imbalance
between upstream and downstream metabolic processes, causing higher risk of acid accumulation
and process failure. Activity testing identified propionate degradation as the rate-limiting step for
FW and GLY digestion at all temperatures. This finding was supported by increased propionate
accumulation with increased organic loading in both FW and GLY AcoD tests. Co-digestion capacity
was proposed to be limited by propionate degradation kinetics as well as the rate and magnitude of
propionate formation from the combined digestion of sewage sludge and co-substrate (FW or GLY).
The findings from this study indicate that the temperature-dependency of metabolic process kinetics
and substrate digestion pathways influence co-digestion capacity. This knowledge can be used to
inform co-substrate selection and dosage strategies to maximise biomethane production and avoid
acid accumulation or process instability. In the mesophilic-psychrophilic range (15-37°C) temperature
influences co-digestion capacity, therefore seasonal dosage strategies are recommended for ambient
anaerobic systems operating without temperature control.
7.2 Introduction
Future food and energy security, finite natural resources and population growth are driving increased
and widespread application of Anaerobic Digestion (AD) as a platform to convert traditional waste
treatment processes into resource recovery processes that help power the circular economy. Anaerobic
co-digestion (AcoD) involving the simultaneous digestion of multiple waste materials is an effective
technique to leverage existing infrastructure and maximise methane production from organic waste.
Whilst many AD systems are temperature controlled at mesophilic conditions (33-37°C), others operate
under ambient conditions and are subject to seasonal temperature variations of up to 20°C. To date
there is limited AcoD research at temperatures other than 37°C. Temperature is a key determinant for
anaerobic process therefore understanding the temperature-dependency of co-digestion operations is
of critical importance for informing dosing strategies to ensure optimum performance in all seasons
for ambient anaerobic digesters.
Previous studies investigating the impact of temperature on co-digestion have mostly been conducted
at mesophilic-thermophilic temperatures. Cavinato et al [23] compared the co-digestion of sewage
sludge with biowaste at 37 and 55°C at both pilot and full-scale and reported increased co-digestion
capacity for thermophilic AD. In contrast, Montan˜e´s et al [47], reported lower co-digestion capacity at
thermophilic 55°C compared to mesophilic 37°C for co-digestion of sewage sludge with sugar beet
pulp lixiviation. The contrasting behaviour of these two case-studies demonstrates that different co-
substrates are affected by temperature differently. Further research is therefore required to understand
the underlying mechanisms limiting co-digestion of different substrates at different temperatures and
expand existing knowledge to psychrophilic temperatures.
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Psychrophilic co-digestion studies documented in literature have mostly focused on household low
cost digesters investigating a single co-digestion loading at different controlled temperatures, or studies
monitoring field-scale digestion subject to uncontrolled seasonal fluctuations in temperature [116,117].
Ren et al [116] studied the codigestion of pig manure (PM) with food waste (FW) at 20, 32, 37 and
55°C in the context of home biogas systems. 32°C was reported as the optimum AcoD temperature
and process instability was reported for the AcoD systems operating at 20°C. Martı´-Herrero et al [117]
investigated co-digestion of (i) llama manure and sheep manure and (ii) cow manure and sheep manure
in field low cost tubular digesters adapted to cold climate (average temperature 16°C), 0.44 kgvs
m-3 d-1 organic loading, and 80 day retention time. In both these studies, either organic loading or
temperature was not controlled. A systematic systematic temperature study controlling organic loading
is required to understand the temperature-dependency of co-digestion for AD systems operating in the
mesophilic-psychrophilic temperature range.
The main objectives of this study were to:
(i) investigate links between co-digestion capacity and metabolic process kinetics to inform co-
substrate selection, and;
(ii) determine the influence of temperature on co-digestion capacity
This information will lead to improved co-substrate selection and development of seasonal dosage
strategies for anaerobic systems operating without temperature control in a mesophilic-psychrophilic
temperature range (15-37°C).
7.3 Materials and methods
7.3.1 Substrate and inoculum source
The primary substrate was sewage sludge (SS) obtained from a wastewater treatment plant in Brisbane
(Australia). Analytical grade glycerol and formulated food waste as defined by Capson-Tojo et al [138]
were used as co-substrates. The inoculum used in 37°C and 25°C BMP tests was digested sewage
sludge obtained from a mesophilic digester (35°C) at the same WWTP operating with a 20-day
retention time and OLR of approximately 2 gVS L-1 d-1. The 15°C inoculum was sourced from a 5.5L
lab-scale reactor digesting SS at 15°C and organic loading of 1 gVS L-1 d-1.
7.3.2 Biomethane potential tests (BMP)
BMP tests were carried out according to Holliger et al [139] in 160 mL serum bottles at 37, 25 and
15°C. All tests contained 80 mL inoculum and an amount of base substrate that provided an inoculum
to sludge ratio of 4 (COD-basis). Co-substrates glycerol (GLY) and food waste (FW) were added to
each co-digestion bottle to achieve 25, 50, 75 and 100% additional COD; addition of co-substrate
therefore decreased the final ISR.
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7.3.3 Metabolic kinetics (batch activity assays)
Nine individual batch activity assays were performed in triplicate in 160 mL serum bottles (100-120ml
working volume) at 37, 25 and 15°C. The inoculum was diluted to achieve an approximate biomass
concentration of 10 gVS L-1 and all activity tests were conducted on an inoculum to substrate ratio
(ISR) of 5 ±1 on a VS basis. The model substrates and concentrations used in each of the batch
activity tests are given in Table5.2.
Table 7.1: Batch activity test details
Specific Activity Model Substrate
Concentration Sample Taken
gV S L−1 gCOD L-1 Type Analysis
Hydrolytic-Carbohydrate Cellulose 2 2.4 L/G sCOD/CH4
Hydrolytic-Protein Gelatine 2 3.2 L/G sTAN/CH4
Hydrolytic-Lipid Oleic Acid 2 5.8 L/G VFA/CH4
Acidogeneic-Simple Sugar Glucose 2 2.1 L Glucose
Acidogeneic-Glycerol Glycerol 2 2.4 L Glycerol
Acetogenic-Propionic Sodium Propionate 2 2.8 L Propionate
Acidogeneic-Butyric Sodium Butyrate 2 2.4 L Butyrate
Methanogenic-Acetoclastic Sodium Acetate 2 1.8 G CH4
Methanogenic-Hydrogenotrophic Sodium Formate 2 0.4 G CH4
*L: liquid samples; G: Gas samples; sCOD: soluble chemical oxygen demand; sTAN: soluble total ammonia nitrogen;
VFA: Volatile Fatty Acids by gas chromatography FID; CH4: Methane gas production by gas chromatography TCD
7.4 Results and discussion
7.4.1 BMP results
The cumulative methane production recorded for the food waste (FW) and glycerol (GLY) co-digestion
assays with sewage sludge (SS) at 37, 25 and 15°C are illustrated in Figure 7.1. The BMP curve for SS
mono-digestion is depicted in black and the co-digestion BMP curves for 25 - 100 % additional COD
are illustrated in colour (blue (25%), green (50%), yellow (75%), orange (100%), grey (SS 100%)).
Methane production was enhanced with the increased organic load at all operating temperatures for
all FW and GLY co-digestion loadings tested. However operating temperature significantly impacted
co-digestion capacity, kinetic rates and ultimate methane yield. This is clearly illustrated by the
variation between the 37, 25 and 15°C BMP curves in figure 7.1 regarding (i) slope/rate of production
of methane in the first few days of testing and (ii) final cumulative methane production. Additionally
the time taken to reach the ultimate methane yield was significantly impacted by temperature with the
time increasing from 33 at 37°C to 80 days at 15°C.
For all temperature conditions, a lower co-digestion capacity was observed for GLY compared to
FW. This lower capacity is due, in part, to faster GLY digestion kinetics (refer section 7.4.3) and less
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diversity of digestion pathways (refer section 7.4.5). Interestingly, the +100% COD SS BMP curve
aligned approximately with the +50% COD AcoD BMP curve at 37 and 25°C. This result indicates
that at 37 and 25°C, the degradable fraction of SS COD is approximately half the degradable COD
fraction of the co-substrates (fCOD,SS ≈ 0.5 fCOD,GLY ≈ 0.5 fCOD,FW).
Temperature influences relative rates of upstream and downstream AD process kinetics and decreasing
the temperature affected FW and GLY co-digestion capacity differently. Based on the BMP curves, at
37°C and 15°C, co-digesting sewage sludge and 100% additional FW (COD basis) increased methane
without any observable inhibition. At 25°C however, inhibition was observed for FW dosages above
75% additional COD. Glycerol co-digestion capacity was negatively correlated with temperature, with
inhibition observed in BMP curves for GLY dosages above 25%, 50% and 75% additional COD for
15°C, 25°C and 37°C respectively.










































Figure 7.2: Ultimate Methane Potential of sewage sludge co-digested with food waste (solid line) and
glycerol (dashed line) at 15, 25 and 37°C
Figure 7.2 illustrates the additional methane produced during the batch co-digestion BMP experiments
proportional to the additional COD added to the sewage sludge system by FW or GLY. The colour
represents the different temperature regimes with darker shades representing higher temperatures
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(37°C = dark turquoise, 25°C = aqua and 15°C = light blue). The solid line represents FW AcoD and
the dashed line represents GLY AcoD.
At all three temperatures, the methane recovery is linear with additional organic load for both FW and
GLY and statistically similar to the theoretical methane yield 350 ml CH4 gCOD-1. The theoretical
co-digestion yields derived from methane yields from individual monodigestion BMP tests of sewage
sludge, food waste and glycerol were comparable to the measured values in the co-digestion BMP tests
as illustrated in Appendix D Figure D.4. The ultimate methane yield was statistically similar (P>0.05)
for both FW and GLY at the same organic loading and temperature. This indicates that each of the
co-substrates fully degraded in the BMP test and the biodegradable COD fractions of GLY and FW are
similar, close to 100% degradable and did not decrease with temperature (fCOD,FW ≈ fCOD,GLY ≈ 1 ).
The biodegradability of the base substrate, SS, on the otherhand, did reduce with temperature. There
is a clear reduction in yield with reducing temperature of approximately 100 ml CH4 gvs-1 for each
10°C temperature drop (Figure 7.2). This yield reduction represents the reduction in degradability
of mixed sewage sludge at lower temperatures. Not only were different methane yields measured at
different temperatures, the time taken to achieve the ultimate methane yield increased significantly
with decreasing temperature due to lower process capacity at psychrophilic conditions.
7.4.3 Kinetics
Figure 7.3 illustrates the change in kinetic rate of methane production from the addition of FW and
GLY (25-100% additional COD) at 37, 25 and 15°C. The kinetic rate was influenced not only by
temperature (37°C (dark turquoise), 25°C (aqua) and 15°C (light blue)), but also by substrate type
(FW (solid line), GLY (dashed line)). The kinetic rate decreased with temperature with faster kinetics
at 37°C compared to 25°C and even slower kinetics at 15°C. There was significant divergence between
the kinetic rates of FW (solid line) and GLY (dashed lines) co-digestion as the loading was increased
(refer Figure 7.3). Changes in kinetic rates of methanisation can provide insights into the microbial
capacity. For example at 37°C, the kinetic rate of FW AcoD increased with increasing load until 75%
additional COD, implying that the microbial capacity was reached at 75% COD addition. However for
GLY AcoD at 37°C, the kinetic rate increased at 25% additional COD compared to sewage sludge
mono-digestion but exceeded maximum microbial capacity by 50% additional COD and was showing
signs of overloading with a relative decrease in kinetic rate. The difference in microbial capacity for
FW and GLY is due to the different digestion pathways.






























Figure 7.3: Kinetic rate constant (km in gCOD gVS,i-1 d-1) for the co-digestion of sewage sludge with
food waste (solid line) and glycerol (dashed line) at 15, 25 and 37°C.
7.4.4 Metabolic pathways
The divergence between FW and GLY AcoD kinetic rates depicted in Figure 7.3 is due, in part, to the
differences in metabolic pathways and associated metabolic rates during the digestion of FW and GLY.
The metabolic capacity depends on how much spare capacity for COD processing there is in the system
which is naturally related to the metabolic pathways of the base substrate (SS). Figure 7.4 and Figure
7.5 illustrate the digestive pathways for FW and GLY when co-digested with SS at 37, 25 and 15°C.
SS and FW are both complex substrates composed of carbohydrates, proteins and lipids, therefore their
digestion pathways overlap as illustrated in purple on the metabolic map in Figure 7.4. In Figure 7.5,
the digestion pathways taken by SS are illustrated in aqua and the overlapping digestion pathways of
GLY are depicted in yellow. The thickness of the line represents the magnitude of the monod kinetic
rate (km) for the given metabolic step as measured by the activity assays using temperature-adapted
inoculum. Comparing Figure 7.4 and Figure 7.5, it is evident that the rate of COD conversion to
methane is influenced by whether the COD is in soluble or particulate form. Additionally, it is evident
that FW, having a more diverse macro-composition compared to GLY, has a higher diversity of possible
digestion pathways. This results in the additional COD to be divided across multiple degradation
routes for FW compared to GLY where the added COD is channeled into a single digestion pathway
that ferments GLY and directly forms propionate.




Figure 7.4: Relative kinetics of the metabolic steps during co-digestion of food waste (FW) and sewage
sludge at 37°C (Figure A), 25°C (Figure B) and 15°C (Figure C). The thickness of the line represents
the magnitude of the monod kinetic rate (km) for the given metabolic step as measured by the activity
assays using temperature-adapted inoculum. Both SS and FW are complex substrates composed of
carbohydrates, proteins and lipids, therefore their digestion pathways overlap on this metabolic map.




Figure 7.5: Relative kinetics of the metabolic steps during co-digestion of glycerol (GLY) and sewage
sludge (SS) at 37°C (Figure A), 25°C (Figure B) and 15°C (Figure C). Aqua represents the digestion
pathways taken by SS and yellow illustrates the overlapping digestion pathways of Glycerol through
propionate.The thickness of the line represents the magnitude of the monod kinetic rate (km) for the
given metabolic step as measured by the activity assays.
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The first metabolic step of digesting FW (hydrolysis) is significantly slower than the first metabolic
step of GLY fermentation. The ratio of this first metabolic step to the rate limiting step (propionate
degradation) at the different operating temperatures in Table 7.2 provides insight into the co-digestion
capacity of particulate (FW) versus soluble (GLY) co-substrates. The fact that the ratio for GLY is
an order of magnitude higher than FW indicates that there is a greater imbalance between upstream
and downstream process steps and higher risk of VFA accumulation and process failure from shock
loading with GLY.
Table 7.2: Kinetic ratio of the initial metabolic step to the rate-limiting step (propionate degradation)
for food waste and glycerol co-digestion at 15, 25 and 37°C
Ratio of initial to rate-limiting metabolic step
15°C 25°C 37°C








7.4.5 Accumulation of intermediates
Figure 7.6 displays the VFA concentrations measured in the co-digestion BMP batch tests during
the first few days of testing at 37, 25 and 15°C. The black line represents the VFA concentration
produced by SS monodigestion and the coloured lines represent the VFA concentrations accumulated
in the FW or GLY co-digestion batch assays (+25% COD (blue), +50% COD (green), +75% COD
(yellow),+100% (orange)). The grey line represents the VFA concentration accumulated in the 100%
additional COD test with sewage sludge (ie sewage sludge monodigestion with double the organic
loading). The difference between the grey and green lines in the respective figures illustrates that at
different temperatures, despite the addition of approximately the same amount of degradable COD
(assuming fCOD,SS ≈ 0.5 fCOD,GLY ≈ 0.5 fCOD,FW), SS, FW and GLY have different digestion pathways
and kinetics leading to different proportions of VFA accumulation.
As inferred by the imbalance of kinetic rates between the first metabolic step and the rate-limiting
step, GLY AcoD resulted in higher accumulation of intermediate VFAs compared to FW AcoD at the
same additional organic loading (refer Figure 7.6). The difference between upstream and downstream
process kinetics is exacerbated as the organic loading is increased. This is reflected in the higher
VFA concentrations for tests with increased loading in GLY AcoD and FW AcoD in Figure 7.6. The
impact of temperature on the relative balance of upstream and downstream process kinetics was also
reflected in the rate and magnitude of VFA accumulation in the FW and GLY AcoD BMPs. At 37 and
25°C, higher VFA concentrations were accumulated at faster rates compared to those recorded at 15°C.
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Additionally the rate of recovery (indicative of the acetogenic process capacity), reduced significantly
at lower temperatures, which aligns with the reduced acetogenic kinetics determined in the activity
assays.
Figure 7.7 illustrates the proportion of acetate, propionate, butyrate, valerate and hexanoate in the
total VFA concentration accumulated in the 25% additional COD BMP tests co-digesting FW and
GLY with SS. Similar VFA profiles for other co-digestion dosages (50-100% additional COD) are
presented in Appendix figures D.1-D.3. FW and GLY AcoD tests display starkly different VFA
profiles. FW AcoD tests reflected an even distribution, with relatively even proportions of acetate
and propionate as well as contributions from butyrate and valerate, at all temperatures. This even
distribution among different VFAs reflects the diversity of FW digestion pathways associated with
complex macro-composition. In comparison GLY AcoD tests were dominated by propionate. This
reflects the dominant fermentation pathway converting glycerol into propionate. Fast digestion kinetics
and dominant propionate producing digestion pathway were key factors limiting GLY co-digesiton
capacity.
For FW and GLY AcoD, co-digestion capacity could be linked to the relative kinetics of upstream
(hydrolysis/fermentation) and downstream (acetogensis/methanogenesis) metabolic processes. Greater
imbalance between upstream (GLY fermentation) and downstream (e.g. propionate degradation)
process rates led to higher acid accumulation and process failure. Knowledge of relative metabolic
process rates can therefore advise co-substrate selection. Temperature also influenced relative rates
of upstream and downstream metabolic processes and decreasing the temperature from 37 to 15°C
affected FW and GLY co-digestion capacity differently. Findings from the study can therefore be
used to develop dosing strategies for non-temperature controlled anaerobic digesters based on the
temperature-dependency of relative kinetics for different co-substrates to seasonally optimise co-
digestion performance and manage process risk. Translating these batch-derived dosing strategies to
continuous long-term operations need to be managed through slow gradual increases in co-substrate
loading. This gradual increase in co-substrate dosing at full-scale is important to ensure factors such
as toxicity and nutrient limitations, that are only observable after an extensive period of time, can
be adequately measured and managed to optimise co-digestion dosage. This gradual increase also
promotes microbial community adaption to the new co-substrate and will ultimately increase the




The majority of AcoD research has been undertaken at 37°C. The few case studies that have investigated
the impact of temperature on co-digestion capacity have mostly compared 37 and 55°C. Whilst these
studies have provided valuable insight into the temperature-dependency of co-digestion capacity in
the mesophilic-thermophilic range, further research is required to understand temperature impacts
on mesophilic-psychrophilic AcoD. This knowledge is particularly relevant for systems operating
without temperature control (e.g. ambient anaerobic lagoon systems subject to seasonal temperature
variations up to 20°C). Understanding how temperature impacts co-digestion operations is critical
for these ambient AD systems to establish waste contracts for suitable co-substrates which maximise
profits from gate fees, whilst adopting seasonal dosing strategies that optimise system performance.
This study investigated the impact of temperature on mesophilic-psychrophilic AcoD by comparing
the capacity of sewage sludge (SS) to co-digest food waste (FW) or glycerol (GLY) at 37, 25 and
15°C. Co-digestion capacity was indicated using batch biomethane potential (BMP) assays for co-
substrate dosing between 0-100% additional COD using inoculum adapted to both SS and test
temperature. For co-substrates where organic overload is a key risk, co-digestion capacity can be
linked to the balance between upstream (hydrolysis, fermentation) and downstream (acetogenesis,
methanogenesis) process kinetics. To understand the temperature-dependency of this balance, the
metabolic capacity of the adapted inoculum was characterised using batch activity assays using
model substrates to understand the impact of temperature on the rate of individual metabolic steps :
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. SS, FW and GLY each have different
biodegradable fractions, physical form and macro compositions which result in different digestion
kinetics and stimulation of different metabolic pathways during their digestion. Therefore the focus
of the study was to understand how the temperature-dependency of metabolic process kinetics and
substrate digestion pathways influence co-digestion capacity.
The methane yield from SS monodigestion decreased with decreasing temperature, indicating reduced
biodegradable fraction at lower psychrophilic temperatures. However the ultimate methane potential for
codigestion loadings 0-100% additional COD, were statistically similar between GLY and FW AcoD
indicating high biodegradability of both FW and GLY across mesophilic-psychrophilic temperatures.
High biodegradability of co-substrates is particularly important to avoid increases in residual solids
during co-digestion operations. Temperature did however significantly increase the residence time
required to achieve the methane potential from 20 days at 37°C to 30 days at 25°C and 80 days at
15°C.
The reduced rate of methanisation at psychrophilic temperatures was also indicated by reduced kinetic
rates. The kinetic rate (km) was influenced not only by temperature but also by co-substrate type. FW
AcoD was converted to methane faster than GLY AcoD at the same organic loading. The divergence
between FW and GLY AcoD kinetic rates is due to differences in metabolic pathways and associated
digestion rates of FW and GLY. The activity assay results indicated that propionate degradation was the
rate-limiting step for FW and GLY digestion at all temperatures. Although GLY ferments faster than
FW hydrolysis, the slower overall rate of Gly AcoD conversion into methane relates to the imbalance
between upstream and downstream metabolic process steps. The ratio of upstream to downstream
process kinetics (initial metabolic step (km,GLY or km,FW ) : rate limiting step (km,pro)) was an order of
magnitude higher for GLY compared to FW.
Intermediate accumulation is a key indication of imbalance between upstream and downstream process
kinetics. Increased organic loading intensifies this imbalance and increased VFA accumulation was
observed with higher organic loading in both FW and GLY AcoD. At the same organic loading, higher
VFA accumulation was measured for GLY AcoD compared to FW AcoD. The VFA profile of inter-
mediate accumulation provided insight into the rate limiting step and diversity of digestion pathways
within the two AcoD systems. In both AcoD systems, the accumulation of VFAs with increasing
organic load indicated that acetogenesis was the rate limiting step. However VFAs accumulated faster
and to a greater extent for GLY AcoD compared to FW AcoD at the same organic loading. FW, due
to greater diversity in macro composition (carbohydrate, protein, fat) compared to GLY, stimulated a
higher diversity of digestion pathways, therefore the COD was distributed through a greater variety of
intermediate products (including VFAs: acetate, butyrate, propionate and valerate). In comparison,
GLY almost entirely degraded into propionate causing higher accumulation of propionate at the same
COD loading compared to FW. Additionally, comparing the VFA accumulation of SS monodigestion
with 100% additional COD, with the FW and GLY AcoD profiles at the same organic loading, high-
lights that intermediate accumulation is not based directly on organic loading, but rather, is intrinsically
linked to substrate digestion kinetic rates, diversity of digestion pathways and metabolic capacity of
the rate limiting step. Balance between upstream and downstream process kinetics were greatest for
SS followed by FW and heavily imbalanced for GLY (SS > FW >>> GLY).
Overall the BMP results indicated that co-digestion capacity was influenced by both temperature and co-
substrate type. The SS system co-digestion capacity was higher for FW than GLY at all temperatures.
For FW AcoD, co-digestion capacity was lower at 25°C compared to 37°C, however remained
comparable at 15°C. GLY co-digestion capacity however, decreased with decreasing temperature from
75% additional COD at 37°C to 25% additional COD at 15°C. For co-substrates limited by organic
loading, co-digestion capacity was linked to the relative kinetics of upstream (hydrolysis/fermentation)
and downstream (acetogenesis/methanogenesis) metabolic processes. Knowledge of metabolic process
kinetics can therefore inform co-substrate selection. Temperature was observed to influence co-
digestion capacity. Seasonal dosage strategies are therefore recommended for anaerobic systems
operating without temperature control.
Chapter 8
Maximum glycerol loading influenced by
metabolic process kinetics, base substrate
digestive pathways and system buffer
capacity
8.1 Abstract
Anaerobic co-digestion (AcoD) enhances biogas generation whilst leveraging existing AD infras-
tructure by incorporating additional organic wastes into existing AD processes. Glycerol (GLY), a
by-product of the biodiesel industry, has been established as a suitable co-substrate for AcoD due to its
high organic concentration, rapid degradation and high biodegradability. However the maximum GLY
loading varies greatly in literature which limits the utility of these recommendations to inform dosage
strategies in practice. The objective of this work was to therefore systematically identify factors influ-
encing GLY co-digestion capacity. A series of batch BMP assays were undertaken co-digesting GLY
(0-170% additional VS) with cattle slaughterhouse wastewater (SHW), pig manure (PM) and mixed
sewage sludge (SS) using base-substrate adapted inoculum in BMP series 1 and a single inoculum for
all base-substrates in BMP series 2. Co-digesting GLY significantly enhanced the methane production
in each AD system and the maximum GLY loading varied due to differences in base substrate and
inoculum properties. The highest amount of GLY (130% additional VS) was able to be co-digested
with PM using PM-adapted inoculum, enhancing the methane potential by 106%. This high GLY
loading was attributed to the slow digestion kinetics, low biodegradability and high alkalinity of
PM in combination with the balanced metabolic kinetics for upstream/downstream processes in the
PM-adapted inoculum. SHW was the base substrate with the least capacity to co-digest GLY due to
fast digestion kinetics, high biodegradability, higher fraction of propionate producing pathways in
addition to low alkalinity. Propionate accumulation was identified as the primary limitation for GLY
co-digestion. Therefore GLY co-digestion capacity appears to be governed by (i) fraction of base
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substrate degrading through propionate producing pathways and associated kinetics, (ii) rate propionate
production from GLY fermentation, (iii) propionate uptake capacity of microbial community and (iv)
system alkalinity to buffer propionate accumulation. Findings from this study can be used to identify
compatible co-substrates and inform dosing strategies for GLY co-digestion.
8.2 Introduction
Anaerobic co-digestion (AcoD) is a key technology for up-valuing organic waste to energy in the future
circular economy [34]. AcoD leverages existing AD infrastructure by incorporating additional organic
wastes into existing AD processes and enhances biogas generation [142]. Successful AcoD relies on
the addition of compatible co-substrates at loading rates and in dosing patterns that align with the
microbial capacity of the AD system. Compatible co-substrates have complementary physico-chemical
properties, digestion kinetics and digestion pathways. Additionally co-digestion of complementary
co-substrates boosts biogas production by converting increased organic loading into methane via an
expanding myriad of metabolic pathways which engages a more diverse microbial community [226].
Not only does AcoD increase the complexity of interactions and competition between microbes, the
increased diversity in digestion pathways aids to improve both the resilience and functional capacity of
the AD system [204].
Quantifying co-digestion capacity of an existing AD process is an important consideration for co-
substrate selection and determining the economic feasibility of implementing AcoD. Co-digestion
capacity can be limited by inhibition (associated with ammonia, long chain fatty acids (LCFA),
metals or cations), toxicity or by organic capacity (based on organic load, degradation pathways and
microbial capacity of the system) [33]. Feedstock properties can influence all these mechanisms
governing co-digestion capacity (e.g. ammonia or LCFA production during digestion, toxicity from
metal/cation concentration, biodegradable fraction/macro-composition which determine metabolic
process capacity). The scope of this research focused on co-digestion systems limited by organic
capacity. In Chapter 5 and 6 of this thesis, feedstock was established as a key determinant for microbial
community structure, metabolic process capacity and overall process performance. The work presented
in Chapter 7 highlighted the link between co-digestion capacity, feedstock digestive pathways and
kinetics as well as the temperature-dependence of inoculum metabolic capacity. This chapter expands
on the fundamental knowledge developed in Chapters 5-7, using glycerol (GLY) as a case-study to
explore the role of metabolic process kinetics and base substrate digestive pathways in determining
co-digestion capacity.
GLY, a by-product of the biodiesel industry, has been established as a suitable co-substrate for anaerobic
co-digestion due to its high organic concentration, rapid degradation and high biodegradability [227].
However GLY lacks nutrients and alkalinity and therefore benefits from co-digestion with substrates
with high alkalinity and sufficient nutrient content. GLY’s high organic concentration (925 - 1600 g
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COD L-1 [228, 229]) enables large increases in organic loading with minimal impact on volumetric
loading. This is particularly important for co-digestion with sewage sludge (SS) as large changes to
volumetric loading can reduce the hydraulic retention time (HRT) and cause issues with biosolids
quality due to reduced digestate stabilisation. The minimum required HRT is dependent on the
degradation kinetics of the base and co-substrates therefore co-substrates will ideally degrade faster
than the base substrate. The fast digestion kinetics of GLY in combination with its liquid form and
high solubility for ease of handling have made it particularly suitable for on-demand biogas production
as investigated by Ngiem et al [230]. There are numerous GLY co-digestion studies reported in
literature [34, 230–235], however the maximum GLY loading appears to vary considerably between
studies using different base substrates as demonstrated in Table 8.1.
Table 8.1: Maximum glycerol loading reported in literature for different base substrates
Base Substrate Glycerol Dosage Increase in Gas Production source
Cow Slurry 10 % w/w (130 % VS increase) 290 % (biogas) [233]
Pig Manure 4 % w/w (290 % VS increase) 400 % (biogas) [231]
Olive Mill and
1 % v/v (160 % VS increase) 252 % (methane) [34]
Slaughterhouse Wastewater
Sewage Sludge 1 % v/v (50 % VS increase) 231 % (methane) [235]
In addition to the large variations in recommended GLY dosages for different case studies, a wide
variety of metrics are also used to describe GLY co-digestion capacity in literature. Therefore there
is a need for a systematic study to understand mechanisms limiting GLY digestion for different AD
systems in order to provide replicable and practical recommendations for proposing GLY co-digestion
dosage strategies.
The objective of this study was to
(i) assess the impact of base substrate digestion kinetics and physico-chemical properties on the
maximum GLY loading
(ii) determine the impact of metabolic capacity of the inoculum on the maximum GLY loading
(iii) identify characteristics of compatible substrates for GLY co-digestion
(iv) provide insight into the underlying mechanisms governing GLY co-digestion capacity for
different AD systems
8.3 Materials and methods
8.3.1 Substrate and inoculum origin
The fresh cattle slaughterhouse wastewater (SHW) and digested wastewater from an anaerobic lagoon
(IA) used as inoculum for SHW AcoD tests in BMP series 1 set 1, were obtained from an abattoir
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located in Casino (NSW, Australia). Fresh pig manure (PM) was taken from a specialised breeder
piggery located near Grantham, (Qld, Australia). The digested pig manure (IP), used as inoculum in
PM experiments in BMP series 1 set 2, was sourced from a laboratory-scale continuous-anaerobic
digester operating at 37°C and 16-day retention time. The laboratory digester was initially seeded
with inoculum from a partially covered anaerobic lagoon, which treats flush manure from the same
specialised breeder piggery located near Grantham (Qld, Australia) from which the fresh PM was
sourced. The sewage sludge (SS) used in BMP series 1 set 3 was a 50/50 mix on a volatile solids (VS)
basis of primary and secondary sewage sludge obtained from a domestic wastewater treatment plant in
Brisbane (Qld, Australia). The digested sludge (IST P) used as inoculum in BMP series 2 (BMP set 3-5)
was obtained from a mesophilic digester operating with a 20-day hydraulic retention time. Analytical
grade (99.5% Sigma Aldridge G5516) glycerol (GLY) was used in all experiments. The chemical
characterisation of the substrates and inocula used in this study are provided in Table 8.3.
8.3.2 Biomethane potential (BMP) tests
Biomethane potential (BMP) tests were carried out according to Holliger et al [139] in 160 mL glass
serum bottles. All tests contained 50mL inoculum and an amount of base substrate that provided an
inoculum to substrate ratio (ISR) of 4 (VS-basis). Glycerol was added to each co-digestion BMP on a
VS basis to achieve an inoculum to total substrate ratio of 3.5, 3, 2.5, 2.25, 2, 1.75 and 1.5 (VS basis).
Mono-digestion tests for each base substrate were carried out at both ISR of 4 and 1.5 (VS basis).
Bottles were flushed with 99.99% N2 gas for 1 min (4 L min-1), sealed with a rubber stopper retained
with an aluminum crimp seal and stored in temperature-controlled incubators (37± 1°C). Tests were
mixed by swirling once per day. A blank test containing inoculum and no substrate was used to correct
for background methane potential of the added inoculum. All tests including the blanks were done in
triplicates, and all error bars indicate 95% confidence limit on the average of the triplicates. The biogas
volume was measured using a precision gas tight syringe (SGE International Pty Ltd., Ringwood,
Australia) and a water filled manometer at the start of each sampling event. Accumulated volumetric
gas production was calculated from the pressure increase in the headspace volume and expressed
under standard conditions (273.15 K, 100.00 kPa). Biogas composition (CH4, CO2, H2 and N2) was
determined using a Shimadzu GC-2014 loop-injection GC equipped with a Valco GC valve (1 mL
sample loop), a HAYESEP Q 80/100 packed column (2.4 m length; 2.1 mm inner diameter) and a
thermal conductivity detector. The chromatograph injector, oven and detector temperatures was set at
75, 45 and 100 °C, respectively and Argon (99.99%) was the carrier gas at 28 mL min-1 and 135.7 kPa.
The GC is regularly calibrated using external gas standards from British Oxygen Company (Sydney,
Australia).
Five separate BMP experiments were conducted to assess the influence of base substrate and inoculum
source on glycerol co-digestion loading (refer Figure 8.1). Three base substrates were analysed: Cattle
Slaughterhouse Wastewater (SHW), Pig Manure (PM) and Sewage Sludge (SS). Three inocula adapted
to the respective base substrates were sourced from an Abattoir anaerobic lagoon (IA), lab-scale pig
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manure anaerobic CSTR (IP) and a sewage treatment plant mesophilic digester (IST P).
The five BMP tests can be divided into two test series (illustrated by the dashed square in Figure
8.1) firstly incorporating BMP sets 1-3 where the base substrates were digested using an inoculum
adapted to each of these base substrates (sourced from the same location). The second BMP series
incorporated BMP sets 3-5 which were conducted simultaneously using the same known microbial
diverse inoculum sourced from a sewage treatment plant (IST P).


















































Series 1 : Base substrate-adapted inoculum Series 2 : Sewage treatment plant inoculum
Figure 8.1: BMP sets for glycerol co-digestion testing
The importance of base substrate on glycerol loading rates could be obtained by comparing the results
of BMP set 3, 4, and 5. Additionally the importance of inoculum on glycerol loading rates could be
obtained through comparing the results of BMP set 1 with BMP set 4 as well as BMP set 2 with BMP
set 5. The inoculum to base substrate ratio was kept constant at 4 for all BMP sets. The glycerol
dosages ranged between 15-170% additional VS equivalent to reducing the total ISR from 3.5 to 1.5.
8.3.3 Activity tests
To understand how the activity profile of the different inocula may influence the maximum loading
rate, activity tests with the three different inoculum associated with BMP set 1 (abattoir lagoon sludge
(IA)), BMP set 2 (piggery lagoon sludge(IP)) and BMP set 3 (sewage treatment plant (STP) digestate
(IST P) were conducted. Four activity tests using model substrates were conducted to ascertain the
relative rates of the four main processes within anaerobic digestion as detailed in Table 8.2.
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Table 8.2: Representative batch activity assays used to describe the four key metabolic process involved
in anaerobic digestion for characterisation of inoculum used in GLY AcoD BMP testing





Cellulose hydrolysis, glycerol degradation, propionate degradation and aceticlastic methanogenesis
activity tests were be performed in triplicate using 160ml serum bottles following the methodology
outlined in [124]. Bottles were flushed with 99.99% N2 gas for 1 min (4 L min-1), sealed with a
rubber septum stopper retained with an aluminium crimp seal and stored in temperature-controlled
incubators (310 ± 1 K). Tests were mixed by swirling once per day. A blank test containing inoculum
and no substrate was used to correct for background methane potential of or background substrate
concentration in the added inoculum. The bottles were filled with temperature-adapted inoculum and
the given substrate in a ratio of 5:1 on a VS basis to ensure that the tests were substrate limited. The
bottle headspace was flushed with nitrogen and sealed using a rubber septa and aluminium crimp.
For glycerol and propionate activity tests, substrate depletion will be assessed by taking a 3 ml
homogeneous sample from each bottle at each sample event. The sample was centrifuged at 10,000
G for 10 min and the supernatant was filtered through a 0.22 lm PES Millipore ® filter and analysed
for glycerol and propionate using HPLC. For cellulose and aceticlastic methanogenic activity tests,
the process rate was determined by the rate of methane production in each bottle. Biogas volume
was measured using a manometer at the start of each sampling event. Accumulated volumetric gas
production was calculated from the pressure increase in the headspace volume and expressed under
standard conditions (273.15 K, 100.00 kPa). At each sample event, the biogas composition was
determined by gas chromatography. The biogas volume was measured using a precision gas tight
syringe (SGE International Pty Ltd., Ringwood, Australia) and a water filled manometer. Biogas
composition (CH4, CO2, H2 and N2) was determined using a Shimadzu GC-2014 loop-injection GC
equipped with a Valco GC valve (1 mL sample loop), a HAYESEP Q 80/100 packed column (2.4 m
length; 2.1 mm inner diameter) and a thermal conductivity detector. The chromatograph injector, oven
and detector temperatures will be set at 75, 45 and 100 °C, respectively and Argon (99.99%) was the
carrier gas at 28 mL min-1 and 135.7 kPa. The GC is regularly calibrated using external gas standards
from British Oxygen Company (Sydney, Australia).
8.3.4 Microbial analysis
Samples from each inoculum source were taken, centrifuged at 10,000 G, after which, the su-
pernatant was removed before the cell pellet was stored at -20 °C until analysis. DNA was ex-
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tracted using the FastDNAT M SPIN Kit for Soil (MP Biomedicals, Santa Ana, California) per
the manufacturer’s protocol. The 16S rRNA gene was PCR amplified with iTAG 16S 926F (5’-
AAACTYAAAKGAATTGACGG-3’)and 1392wR (5’-ACGGGCGGTGWGTRC-3’) primers146 and
Taq 2X Master Mix (New England Biolabs Inc., Ipswich, MA,USA). As a quality control measure,
DNA concentration and purity was determined by gel electrophoresis on 1% agarose gel, and spec-
trophotometrically using the NanoDrop ND-1000 (Thermo Fisher Scientific, USA). Pyrosequencing
was then performed on the raw DNA extracts by the Australian Centre for Ecogenomics (Univer-
sity of Queensland, Brisbane, Australia)using the Illumina MiSeq platform (Illumina, USA), with
amplification via the same primers.
QIIME2 was utilised to process the fastq files and generate the taxonomy table and conduct quality
control of the fastq files. All fastq files were processed with fastqc. All fastq files were trimmed to
remove primer sequence with Cutadapt, and quality trimmed to remove poor quality sequence using a
sliding window of 4 bases with an average base quality above 15 using the software Trimmomatic.
All reads were then hard trimmed to 250 bases, and any with less than 250 bases excluded. To
assign taxonomy, fasta files were processed using QIIME2’s dada2 workflow with default parameters
and taxonomy assignment. Representative features (ASV) sequences are then BLASTed against the
reference database (Silva and UNITE). The main analysis output was an ASV table comprising the
taxonomic classification of the best database match and a representative sequence for each ASV.
8.4 Results and discussion
8.4.1 Sample characterisation
The characteristics of base substrates (SHW, PM, SS) and inocula (IA, IP, IST P) used in the five BMP
batch experiments are presented in Table 8.3. Each of the different base substrates (SHW, PM and SS)
had different solids concentrations (gTS kg-1), organic concentrations (gCOD L-1, gVS L-1) as well as
variations in nutrient and cation concentrations. PM had higher total ammonia nitrogen (TAN), total
Kjeldahl nitrogen (TKN) and cation concentrations compared to SHW and SS, indicating a higher risk
for ammonia inhibition and cationic inhibition. PM also had the highest alkalinity to buffer the high
inherent VFA concentrations and assist with managing process risk.
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8.4.2 Glycerol co-digestion capacity for different AD systems
BMP results
The cumulative specific methane production profiles obtained from BMP series 1: co-digestion of
analytical-grade glycerol (GLY) with i) cattle slaughterhouse wastewater (SHW), ii) pig manure (PM)
and iii) mixed sewage sludge (SS) are given in Figure 8.2. For all systems, increasing the glycerol
loading resulted in increased methane production. However above a certain threshold loading the
shape of the BMP curve becomes more sigmoidal with increased GLY loading. This threshold was
different for each system indicating that GLY loading is limited by the capacity of the AD system
rather than intrinsic inhibitory properties of GLY. This corroborates the work of Jensen et al [142]
and Nghiem et al [230] who reported that the primary mechanism of GLY co-digestion inhibition was
through overload from rapid fermentation rather than the presence of toxic compounds in the crude
GLY.
For the SHW system, increasing the GLY loading resulted in increased methane production without
detriment to the AD process for loading between 15-60% additional VS equivalent. The sigmoidal
shape of the GLY addition equivalent to 130% additional VS indicates overloading inhibition due to
the accumulated propionate (a degradation product from GLY fermentation) which has been reported
to inhibit the microbial community at high concentrations [75]. GLY loading equivalent to 170%
additional VS were observed to cause significant inhibition of the anaerobic digestion process for the
SHW system.
Less severe inhibition from GLY co-digestion was observed in the PM and SS systems. For the PM
system GLY loading between 15-130% additional VS positively increased methane yield with no
indication of process inhibition. However the sigmoidal shape of 170% additional VS GLY loading PM
BMP curve suggested conditions were inhibitory. Whilst GLY co-digestion appeared to cause the least
process inhibition for the SS system at high loadings, the methane production rate was compromised
for GLY loading above 100% additional VS. Each AD system displayed a different GLY co-digestion
capacity. The impact of different digestion kinetics, microbial communities and functional capacities
on the system capacity to co-digest GLY will be explored.
164 CHAPTER 8. GLYCEROL CO-DIGESTION LIMITED BY PROPIONATE
Figure 8.2: Cumulative specific methane production normalised per g VS of base substrate for BMP
series 1 : The top figure (SHW (IA)) illustrates the BMP results for SHW codigested with GLY (0-170%
additional VS) using inoculum sourced from the abattoir anaerobic lagoon. The middle figure (PM
(IP)) for PM codigested with GLY (0-170% additional VS) using inoculum sourced from laboratory
mesophilic PM CSTR. The bottom figure (SS (IST P) for mixed SS codigested with GLY (0-170%
additional VS) using inoculum sourced from a sewage treatment plant mesophilic anaerobic digester.
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Ultimate methane potential
Figure 8.3 highlights the positive relationship between GLY loading and methane production for all
three AD systems. In general, the increased organic load associated with GLY co-digestion translated
to increased methane production for all GLY dosages investigated. Even the severely inhibited 170%
additional VS in the SHW-GLY AcoD BMP recovered after 25 days to produce the highest ultimate
methane (refer Appendix Figure E.1 ). This highlights the resilience of AD systems to recover from
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Figure 8.3: Cumulative specific methane production normalised per g VS of base substrate for BMP
series 1 codigesting GLY (0-170 % additional VS) with SHW (red), PM (yellow) and SS (aqua) using
base-substrate adapted inoculum.
SHW produced the highest specific methane yield, however the incremental increase in methane
produced with increased GLY loading was lower compared to SS and PM systems. Despite similar
specific methane yields for SS and PM mono-digestion, greater methane yields were observed in
SS-GLY compared to PM-GLY for a similar GLY loading. For example for GLY loading 130%
additional VS, although higher inhibition was observed in the SS system compared to the PM system
(refer Figure 8.2), a higher final methane yield was produced in the SS system compared to PM. This
suggests differences in microbial capacity, digestion kinetics and resilience for temporary high organic
loading.
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Kinetics
The change in kinetic rate for SHW, PM and SS systems as the GLY loading was increased from
0-170% additional VS is illustrated in Figure 8.4. Each base substrate exhibited different initial kinetics
based on mono-digestion (0% additional VS GLY) with SHW being digested approximately twice as
fast as SS and three times as fast as PM. For the SHW system, although a slight increase in kinetic rate
was observed for the initial 15% additional VS GLY dosage, the rate plateaued and declined linearly
with increasing GLY dosage above 60% additional VS. This indicates that the microbial capacity was


































% additional VS (Glycerol)
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Figure 8.4: Approximated kinetic rate for BMP series 1 co-digesting GLY (0-170 % additional
VS) with SHW (red), PM (yellow) and SS (aqua) using base-substrate adapted inoculum. km was
approximated based on cumulative methane production within the first 3 days of the BMP test.
Comparatively for the SS system, the kinetic rate remained statistically similar for all GLY loading.
The fact that the rate did not change with increased GLY loading, potentially implies that the microbial
capacity is already at its limit and that the high alkalinity of the SS and IST P buffers any inhibitory
effect of increased propionate concentration on methanogens to maintain the constant rate of methane
production. For the PM system, the impact of GLY co-digestion on digestion kinetics was varied
with faster methane production for 15, 35,80 and 130% additional VS GLY loading relative to PM
mono-digestion. However at 60 and 100% additional VS, the kinetics were not statistically higher than
monodigestion and above 130% additional VS, the microbial capacity of the system was compromised
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with reduced rate of methanisation at 170% additional VS GLY loading. The changes in digestion
kinetics associated with increased GLY loading were different for each AD system, suggesting clear
differences in microbial capacity.
Metabolic activities
An example of the data obtained from GLY digestion activity tests is given in Figure 8.5. For GLY
activity tests with all three inocula, it was observed that GLY primarily degraded into propionate with
a rapid decline in GLY concentration coinciding with a rise in propionate concentration, whilst acetate
concentration remained low and unaffected. Additionally the total sum of GLY and propionate on
a COD basis followed the trend of total sCOD measured during the activity test experiment. This


































Figure 8.5: Substrate and product profiles observed in GLY activity tests using IST P. GLY fermentation
is given in yellow, propionate accumulation in aqua, acetate accumulation in purple and the total
soluble COD in pink.
The risk of propionate accumulation can be linked to the relative balance of propionate produced from
GLY fermentation and propionate uptake (km,GLY:km,pro). Higher ratios of km,GLY:km,pro will cause
increased propionate accumulation at high organic loading and increased risk of process failure. From
Figure 8.6, the ratio of km,GLY:km,pro was significantly higher for IST P at 12.5 compared to IA and IP at
3.4 and 3.8 respectively. Therefore comparatively three times more propionate would accumulate from
digesting GLY with IST P compared to IP or IA at the same GLY load.
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The relative kinetics for key metabolic steps in the AD process are displayed in Figure 8.6 for IA, IP
and IST P. The activity profile was vastly different between inocula adapted to SHW, PM and SS. IP
showed balanced upstream/downstream process kinetics with similar rates measured for PM hydrolysis
and propionate degradation. Comparatively, IA and IST P both showed imbalance between upstream and
downstream process rates with propionate degradation being identified as the rate-limiting step. Based
on ”absolute” kinetics, IA was able to degrade propionate twice as fast as IST P. This faster kinetic rate
might indicate that SHW degrades faster and via more propionate producing pathways compared to
SS. Comparing the different base substrates, SHW also has a faster hydrolysis rate compared to PM
and SS. SHW would therefore have a higher baseline propionate production and therefore less ”spare”
propionate digestion capacity to co-digest ”propionate-producing” GLY compared to SS or PM. This
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0.10 gCOD gVS,i -1 d-1
0.11 gCOD gVS,i -1 d-1
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Figure 8.6: Activity profiles for inocula IA, IP and IST P used in GLY AcoD BMP tests. IA was adapted
to SHW, IP adapted to PM and IST P adapted to SS. The thickness of the line represents the magnitude
of the monod kinetic rate (km) for the given metabolic step as measured by the activity assays. The rate
of hydrolysis for each of the base substrates were derived from the monodigestion BMP tests at ISR 4.
Microbial community analysis
Table 8.4 details the alpha diversity for the three inocula used in the GLY BMP experiments. All three
alpha diversity metrics indicated higher microbial diversity and evenness for IP compared to IA and
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IST P.
Table 8.4: Alpha Diversity for IA, IP and IST P
Inoculum Observed ASVs Shannon Index Evenness
Abattoir (IA) 715 5.46 0.83
Piggery (IP) 868 5.8 0.86
Sewage Treatment Plant (IST P) 630 5.41 0.84
Figure 8.7 details the relative abundance of different genera present in the microbial communities
sourced from the Abattoir lagoon (IA), piggery lagoon (IP) and sewage treatment plant (IST P). All
three inocula contained phylogentically diverse microbial communities that were statistically different
from each other. This supports findings from Chapter 6 that feedstock is a key deterministic factor for
microbial composition. Whilst the acetoclastic methanogen Methanosaeta was dominant methanogen
in all three inocula, the archeal diversity was unique to each inoculum. IA and IP displayed higher
diversity of hydrogenotrophic methanogens compared to IST P with Methanolinea in IA and taxa
assigned to phylum Woesearcheota in IP observed in high abundance. Candidatus Cloacamonas,
capable of degrading propionate [189], was observed in high abundance in IA and could be linked
to the relatively higher propionate degradation capacity observed for IA compared to IP and IST P.
The dominant bacterial family Anaerolineaceae in the IST P, is reported to be connected to lipid
degradation [205] and could have assisted the higher GLY fermentation rate observed for IST P compared
to other inocula.
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IA IP ISTP
Figure 8.7: Relative abundance of different genera in microbial communities adapted to SHW from
the abattoir lagoon (IA), PM from the piggery lagoon (IP) and SS from the sewage treatment plant
(IST P). Colour intensity represents increased relative abundance. Genera not detected (n.d.) in samples
are illustrated in grey.
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8.4.3 Maximum co-digestion capacity for different base substrates
Figure 8.8 displays the cumulative methane curves for GLY co-digested with SHW, PM and SS using
IST P for all BMP assays in series 2. The sigmoidal BMP curves for higher GLY dosages in SHW and
PM tests indicates process inhibition from propionate accumulation. In contrast to the previous BMP
results using base-substrate adapted inoculum, when controlling for microbial metabolic capacity the
highest GLY co-digestion capacity was observed for SS (+100% additional COD), followed by SHW
(+80% additional COD) and then PM (+60% additional COD).
Figure 8.9 illustrates a surface plot of the 95% confidence region for first-order kinetic rate constant
and fraction of biodegradability from mono-digestion BMPs with base substrates (SHW and PM)
digested by IST P as well as adapted inoculum (IA for SHW and IP for PM). The spatial position of each
of the confidence regions suggest that both the inoculum and base substrate influence the digestion
kinetics in AD. The base substrate type predominately determined the biodegradability fraction (x axis
position) with SHW having a higher biodegradable fraction compared to PM. The inoculum source
also changed the biodegradable fraction to an extent with the biodegradable fraction being slightly
higher for both SHW and PM when digested with IST P compared to the substrate-adapted inoculum,
IA and IP respectively. Additionally the digestion rate was higher using the substrate-adapted inoculum
for both PM and SHW compared to when digested with IST P. The results demonstrate that inoculum
(microbial community) impacts both the degradation kinetics and biodegradability fraction of the base
substrate.
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Figure 8.8: Cumulative specific methane production normalised per g VS of base substrate for
BMP series 2 : Using STP inoculum, GLY (0-170 % additional VS) was co-digested with cattle
slaughterhouse wastewater (top), pig manure (middle) and mixed sewage sludge (bottom).








































Figure 8.9: 95% confidence regions of biodegradablity (f) and hydrolysis rate (khyd) for Monodigestion
of PM and SHW at ISR 4 with adapted inoculum (IA/IP) and IST P
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Regarding impact of biodegradable fraction on co-digestion capacity, SHW has a significantly higher
biodegradable fraction compared to SS and PM. This higher biodegradability would have resulted in
comparatively higher degradable organic loading from base substrate for SHW. The biodegradable
fraction of both PM and SHW increased with IST P compared with the respective adapted inoculum.
This demonstrates that the ”biodegradability fraction” is not a fixed property of the substrate but
dependent on the microbial community as well as operating conditions (e.g. temperature as established
in Chapter 5). The higher biodegradable organic loading with IST P, contributed to lower GLY co-
digestion capacity for PM, however this was not the case for SHW. Co-digestion capacity is not related
to base substrate biodegradability alone, as digestion kinetics also play an integral role.
Regarding hydrolysis rate, higher digestion kinetics were observed using adapted inoculum compared
to IST P for both base substrates. SHW hydrolysis rate however, was reduced more significantly with
IST P compared to PM hydrolysis rate. Comparing the shape of the co-digestion BMP curves for high
GLY loading in Figure 8.2 (IA) and 8.8(IST P), there is less inhibition from propionate accumulation
for SHW-GLY with IST P compared to IA. This implies that despite the 50% reduction in propionate
uptake rate for IST P compared to IA, the rate of propionate production from SHW digestion reduced
more significantly. The lower propionate production from SHW digestion with IST P could have been
a combined result of (i) reduced SHW hydrolysis rate as well as (ii) potential change in digestion
pathways to ones that lead to less propionate production.
Overall due to the different microbial communities in IST P compared to IA or IP, different potential
metabolic pathways and capacity for different process steps caused the degradation rates and biodegrad-
able fractions of SHW and PM to change. In the case of SHW and PM, digestion with IST P increased
the biodegradable fraction.
8.4.4 Impact of base substrate and inoculum on GLY co-digestion capacity
Table 8.4.4 details the results of the maximum recommended GLY loading based on BMP series 1 and
2 (experimental data presented in Figure 8.2 and 8.8). The greatest amount of GLY (130% additional
VS) was able to be co-digested with PM using PM-adapted inoculum (IP), enhancing the methane
potential by 106%. This maximum threshold was considerably less than the 290% additional VS GLY
loading and 400% improvement in biogas reported for GLY AcoD with PM by Astals et al [231].
The difference in maximum GLY loading between the batch tests with non-GLY-adapted inoculum in
this study and the continuous experiments reported by Astals et al [231] highlights the importance of
microbial adaption and improved GLY co-digestion capacity for systems adapted to PM-GLY feed.
High GLY co-digestion loading was also possible for the SS system (100% additional VS) with
SS-adapted inoculum (IST P), enhancing the methane production by 63%. This GLY loading is double
the 50% additional VS GLY threshold reported by Fountoulakis et al [235] for co-digesiton with SS.
Lower GLY co-digestion capacity (60% additional VS) was observed for SHW using SHW-adapted
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Table 8.5: Maximum GLY loading for BMP series 1 and 2
Base substrate SHW PM SS SHW PM
Inoculum IA IP IST P IST P IST P
BMP series 1 1 1,2 2 2
Base substrate
B0(ISR 4) 640±23 269 ±20 295 ±5 741 ±60 323 ±17
(ml CH4 g VS−1)
Max GLY load
60 130 100 80 60
% additional VS (Glymax)
%enhanced CH4 at Glymax 40 106 63 97 83
Alternative AcoD metrics
% additional COD 37 90 81 44 49
% additional volume 0.3 10.7 2.5 0.2 4.3
% of total VS 38 56 50 46 39
% of total COD 27 47 45 31 33
% of total volume 0.3 7 2.4 0.1 0.3
Ratios
VS (BS) : VS (GLY) 1.6 to1 0.8 to 1 1 to 1 1.2 to 1 1.6 to1
COD (BS) : COD (GLY) 2.9 to1 1.1 to 1 1.2 :1 2.3 to 1 2 to 1
Vol (BS) : Vol (GLY) 324 to 1 8.8 to 1 46 to 1 772 to 1 347 to 1
ISR (VS) 2.5 1.75 2 2.4 2.56
ISR (COD) 2.75 1.66 1.55 1.37 2
COD concentration
GLY concentration
(gCOD L-1) 1.4 1.8 5.1 1.5 3.5
Base substrate concentration
(gCOD L-1) 4.2 2.1 6.4 3.6 7.1
Inoculum concentration
(gCOD L-1) 15.4 6.4 17.9 7.1 20.3
(gVS L-1) 7.9 5.2 16.9 6.7 19.1
Organic load
biodegradable fraction
f(-) 0.91 0.48 0.46 0.95 0.52
Total biodegradable COD conc
(f·COD)(gCOD L-1) 5.2 2.8 8.0 4.9 7.2
Base substrate(gCOD L-1) 3.8 1.0 2.9 3.4 3.7
GLY)(gCOD L-1) 1.4 1.8 5.1 1.5 3.5
Biodegradable organic load
(g COD gVS,i)-1) 0.66 0.54 0.48 0.73 0.38
Kinetics
Base substrate
(gCOD gVS,i-1 d-1) 0.13 0.04 0.08 0.09 0.05
GLY
(gCOD gVS,i-1 d-1) 0.31 0.17 0.5 0.5 0.5
Propionate uptake
(gCOD gVS,i-1 d-1) 0.08 0.05 0.04 0.04 0.04
Buffer capacity
System Alkalinity
(mg CaCO3 L-1) 1297 2718 4071 1663 4792
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inoculum (IA), enhancing the methane potential by 40%. The high GLY co-digestion capacity of the
PM system can be attributed to the slow digestion kinetics, low biodegradability and high alkalinity
of PM in combination with balanced activity profile of the PM-adapted inoculum(IP). In the case
of SHW, although the propionate degrading capacity of the SHW-adapted inoculum(IA) was double
the capacity of the PM(IP) and SS-adapted inoculum(IST P), the SHW digestion pathways leading to
greater propionate production, faster digestion kinetics, higher biodegradability and lower alkalinity of
the SHW reduced the GLY co-digestion capacity of the SHW system.
Comparing the co-digestion capacity of SHW with adapted inoculum (AI) compared to IST P can
provide insight into the role of metabolic capacity in limiting maximum GLY co-digestion loading.
Higher GLY co-digestion capacity was observed when using IST P compared to the SHW-adapted
inoculum (IA). This higher GLY co-digestion capacity could be due to the slower SHW digestion
kinetics and alternative digestion pathways with IST P reducing the production rate of propionate from
SHW degradation coupled with the higher alkalinity provided by IST P providing greater buffer capacity
for the accumulated propionate. In contrast, higher GLY co-digestion capacity was observed for
PM-GLY with PM adapted inoculum (IP) compared to IST P. The lower co-digestion capacity of PM
with IST P, could be related to the increased baseline organic load from higher degradable fraction of
PM when digested IST P as well as higher nitrogen levels in the second PM batch which could have
digested to create inhibitory ammonia conditions. The fact that same base substrate when digested with
different inoculum indicated a different GLY threshold emphasises the importance of using adapted
inoculum for representative batch experimental results.
Table 8.4.4 presents alternative co-digestion loading metrics. Given the liquid nature of GLY, %
volume has often been used to recommend GLY co-digestion loading (e.g. [230]). However, due to
the fact that GLY loading is limited by organic capacity and that the organic concentration of crude
GLY will be variable, % volume is an unreliable metric for GLY loading. This study was designed
using ISR (VS basis) and GLY loading described based on % additional VS. However due to inherent
differences in base substrate degradability and solids concentrations, different organic concentrations
occurred in each AD system which limited the comparability between different systems. COD, on the
other hand, is conserved during the AD process. Additionally COD can be directly linked to methane
yield at 350 ml CH4 per g COD at standard conditions. Metrics associated with degradable COD,
combining substrate biodegradability fraction with COD, have potential to be a representative measure
of co-digestion loading and more accurately reflect the organic loading capacity. However further
research into the utility of this metric for different substrates and co-digestion systems is required.
Figure 8.10 displays factors influencing GLY loading. Each system displays a unique balance between
all the elements affecting GLY co-digestion loading. A multivariate analysis of variance (MANOVA)
indicated that base-substrate degradable COD was significantly correlated with maximum GLY loading
(P<0.05). However all other factors could not be individually correlated with maximum loading
(P>0.05, refer Appendix Figure E.2) and appear to be interrelated e.g. low propionate uptake can be
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compensated for by high alkalinity or slow base substrate degradation kinetics. Successful co-digestion
therefore relies on dosage strategies aligned with the balance of upstream/downstream process kinetics,
diversity of digestion pathways between co-substrates and variation in digestion kinetics as well as
sufficient buffering capacity of the system.
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Figure 8.10: Comparison of the different GLY co-digestion systems at maximum GLY loading
identified by BMP. Diagrams represent factors influencing GLY loading e.g. propionate production
from base substrate, propionate capacity of inoculum and alkalinity of the system. Thickness of arrows
represent biodegradable organic loading, length of arrows represents speed of kinetics.
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8.5 Conclusions
A key element of successful anaerobic co-digestion (AcoD) is co-substrate compatibility. Compatible
substrates have complementary digestion pathways and degradation kinetics as well as sufficient alka-
linity and nutrients in the combined mixture to promote a balanced microbial community. Additionally
successful AcoD treats co-substrates in ratios and in dosing strategies that do not exceed the capacity
of the rate limiting step determined by the microbial metabolic capacity of the inoculum. This study
systematically investigated the role of metabolic process kinetics and base substrate digestive pathways
in determining the maximum co-substrate loading for the case-study of glycerol.
Glycerol, a by-product of the biodiesel industry, has been established as a suitable co-substrate for
AcoD due to its high organic concentration, rapid degradation and high biodegradability. However the
maximum glycerol loading and recommended co-substrate dosing strategies vary greatly in literature.
A series of batch BMP and activity assays were therefore undertaken to identify factors influencing the
glycerol co-digestion capacity of an AD system.
The first experimental BMP series investigated glycerol co-digestion capacity (0-170% additional VS)
in three AD systems with three different base substrates: cattle slaughterhouse wastewater (SHW),
pig manure (PM) and mixed sewage sludge (SS) using base-substrate adapted inoculum. The activity
profiles of each inoculum were quantified using batch activity assays. The second experimental BMP
series controlled the microbial capacity by using the same inoculum from the sewage treatment plant
(IST P) for all BMP sets co-digesting glycerol(0-170% additional VS) with SHW, PM and SS.
The greatest amount of glycerol (130% additional VS) was able to be co-digested with PM using
PM-adapted inoculum (IP), enhancing the methane potential by 106%. High glycerol co-digestion
loading was also possible for the SS system (100% additional VS) with SS-adapted inoculum (IST P),
enhancing the methane production by 63%. Lower glycerol co-digestion capacity (60% additional
VS) was observed for SHW using SHW-adapted inoculum (IA), enhancing the methane potential by
40%. Less glycerol was able to be co-digested with PM before the onset of inhibition when using
STP inoculum (IST P) (60% additional VS, 83% additional methane), potentially due to the increase
in PM biodegradable fraction (increasing the degradable VS base loading) when digested with STP
inoculum (IST P) compared to PM-adapted inoculum (IP) in addition to higher nitrogen concentrations
potentially causing ammonia inhibition. Similarly, SHW showed different glycerol loading limits
when co-digested using STP inoculum (IST P) compared to SHW-adapted inoculum (IA). At the same
glycerol co-digestion loading with SHW, less inhibition was observed for IST P compared to IA. This
was surprising due to the fact that IST P had lower propionate capacity compared to IA. However
the greater glycerol co-digestion capacity could be attributed the slower SHW degradation kinetics
with IST P compared to SHW-adapted inoculum (IA), in addition to the possibility of alternative SHW
degradation pathways which produce less propionate when using IST P compared to SHW-adapted
inoculum (IA) due to differences in microbial communities.
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Glycerol degrades primarily into propionate and therefore glycerol co-digestion capacity appears
governed by
(i) fraction of base substrate degraded through propionate producing pathways and rate of propionate
production from base substrate digestion
(ii) fraction of glycerol degraded through propionate producing pathways and rate of propionate
production from glycerol digestion
(iii) propionate degradation capacity of the inoculum and
(iv) system buffer capacity to deal with propionate accumulation ( base substrate and inoculum
alkalinity)
The high glycerol co-digestion capacity of the PM system can be attributed to the slow digestion
kinetics, low biodegradability and high alkalinity of PM in combination with balanced activity profile
of the PM-adapted inoculum (IP. In the case of SHW, although the propionate degrading capacity of
the SHW-adapted inoculum (IA was double the capacity of the PM and SS-adapted inoculum (IP and
IST P), the SHW digestion pathways leading to greater propionate production, faster digestion kinetics,
higher biodegradability and lower alkalinity of the SHW reduced the glycerol co-digestion capacity of
the SHW system.
Overall co-digesting glycerol significantly enhanced the methane production of each AD system
and maximum glycerol loading varied for each AD system due to differences in base substrate and
inoculum properties. Findings from this study can be used to identify compatible co-substrates and
inform dosing strategies for glycerol co-digestion.
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Successful strategies for increasing energy
self-sufficiency at Gru¨neck WWTP in
Germany by food waste co-digestion and
improved aeration
9.1 Abstract
Population growth, tightening effluent discharge requirements and increasing energy costs are driving
the wastewater treatment sector to improve energy efficiency and strive towards energy self-sufficiency.
Despite many strategies being proposed for improving energy self-sufficiency at wastewater treatment
plants (WWTPs), limited case studies have been conducted. This full-scale case study at Gru¨neck
WWTP evaluates the effectiveness of two different strategies and quantifies their plant-wide impact.
Gru¨neck WWTP increased energy self-sufficiency by 24% (from 64 to 88%) through reducing energy
consumption with aeration upgrades (8% increase) and increasing energy production with food waste
co-digestion (16% increase). The plant-wide analysis indicated that the aeration upgrades did not
affect effluent quality; however co-digesting food waste at 20% additional organic load caused some
minor downstream impacts including reduced dewaterability, fluctuating biogas quality and solids
accumulation. A solar dryer was installed to manage the increased biosolids production resulting from
co-digestion. The dryer reduced biosolids transportation costs by 30% with minimal increase in total
plant energy (below 2%). Payback periods for the co-digestion facility and blower upgrade were 10
and 17 months, respectively. The solar dryer, however, has a payback period of 30 years. Findings
from this case study provide practical knowledge of the trade-offs for different strategies commonly
employed to improve energy self-sufficiency at WWTPs. The results provide evidence that there is
significant incentive for similar plants to improve energy self-sufficiency through co-digestion and
aeration upgrades.
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9.2 Introduction
Population growth and increasingly stringent discharge standards increase the energy requirements
for wastewater treatment [237]. This increased energy consumption coupled with rising energy costs
and environmental concerns associated with fossil energy production are motivating the wastewater
treatment sector towards energy self-sufficiency or even energy positive wastewater treatment [238,239].
Energy self-sufficiency is achieved through a combination of reducing WWTP power consumption
and increasing on-site power production [237]. Plant power consumption can be reduced through:
i) optimising plant performance (e.g. by changing control strategies and process set-points) [240,
241]; ii) installing more energy efficient equipment (e.g. upgrading blowers, diffusers) [242]; or
iii) implementing less energy intensive technologies (e.g. biofilter, biodrying, deammonification)
[243, 244]. On-site power production can be increased by: i) optimising existing anaerobic digestion
processes [245], ii) employing anaerobic co-digestion [246]; iii) upgrading combined heat and power
units (CHPUs); or iv) installing other on-site renewable energy technologies such as solar panels and
wind turbines [120, 237].
In WWTPs utilising conventional activated sludge treatment, aeration accounts for 45 - 75% of the
total plant energy use [247]. Therefore, aeration equipment upgrades and process optimisation can
have a significant impact on the overall plant power consumption [248]. Aeration energy savings
between 10 - 20% have been reported for replacing traditional ceramic and elastomeric membrane
diffusers with ultra-fine bubble diffusers [248]. Replacing conventional blowers with direct-drive turbo
blowers can result in aeration energy savings of up to 35%, and an additional 15% energy savings
can be obtained by upgrading to rotary lobe blowers [242]. Gresham WWTP (USA) reduced the total
plant power consumption by 6.5% through upgrading their aeration system to ultrafine-bubble air
diffusers and installing two high-efficiency turbo-blowers [120]. Whilst aeration upgrades are common
practice at WWTPs, the plant-wide impact of these upgrades and contribution to improving energy
self-sufficiency has been scarcely documented in literature [120, 242, 247, 248].
Biosolids handling represents a major cost and a significant opportunity for renewable energy pro-
duction. Primary sludge (PS) and waste activated sludge (WAS) can be stabilised using anaerobic
digestion [249]. Anaerobic digestion produces methane-rich biogas and reduces the volume of sludge
requiring dewatering, drying and disposal via incineration or land application [250]. Biogas produced
from the anaerobic digestion can be combusted to supply 50-60% of the on-site electricity needs [237].
However, many existing anaerobic digesters are under-loaded, operating at low organic loading rates
(OLRs) of 1.0 - 1.5 kgV S m−3 d−1, which creates an opportunity to import organic wastes and improve
on-site electricity production through anaerobic co-digestion [123, 251].
Anaerobic co-digestion (AcoD) involves the simultaneous digestion of two or more substrates to
increase OLR and boost biogas production [33]. Co-digestion results in additional environmental
benefits by diverting organic wastes from landfills and in some cases by generating a revenue stream for
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the WWTP via gate fees [118, 120]. Food waste is a common substrate for co-digestion at municipal
WWTPs due to its high methane yield, fast digestion kinetics and local availability [119]. A life cycle
analysis carried out by Di Maria et al. [121] concluded that co-digesting food waste and sewage sludge
provided greater environmental and energetic benefits compared to separate mono-digestion of sludge
and composting of food waste.
AcoD of sewage sludge and food waste has been researched extensively [34, 122], however full-scale
co-digestion case studies remain limited. The studies that have been conducted at full-scale WWTPs
demonstrate improvements in power production ranging from 0.5 to 20 kWh PE-1 a-1 [20,31,123–126].
The majority of these studies focused exclusively on biogas and energy production with little attention
paid to the downstream factors caused by co-digestion, such as nutrient backloads, increased polymer
demand and increased sludge production [118, 127]. Zirl WWTP (61,500 PE (population equivalent))
is one of the few case studies that has quantified the downstream impacts of co-digestion [125]. Zirl
WWTP increased the digester OLR by 86% (1.17 to 2.18 kgVS m-3 d-1) with food waste, boosting
biogas production by 174% and becoming energy positive by producing 115% of the plant’s energy
demand. However, digestate solids increased by 33% and the nitrogen backload doubled [125].
Aeration upgrades and co-digestion are commonly applied strategies to improve WWTP energy self-
sufficiency. However, there are limited peer-reviewed literature reporting full-scale plant case studies
and few studies have analysed the effectiveness of these strategies and quantified their plant-wide
impact. Prior to adopting a strategy, it is important to understand the plant-wide implications and
trade-offs between maximising power production and minimising process drawbacks. In co-digestion,
plant-wide impacts are essential in defining the rate limiting process, e.g. nitrogen backload and solids
handling. The objective of this case study is to quantify the plant-wide impacts and effectiveness of
aeration system upgrades and food waste co-digestion. Learnings from this case study aim to provide
practical knowledge of the trade-offs for different strategies employed to improve WWTP energy
self-sufficiency.
9.3 Materials and Methods
9.3.1 Gru¨neck WWTP
Gru¨neck WWTP is located 30 km north of Munich, Germany (48.324573N, 11.698191E). The
treatment process at the Gru¨neck WWTP is shown in Figure 9.1. The design capacity of Gru¨neck
WWTP is 160,000 PE; however, the operational capacity during the study period (2013-2017) was
74,000 ± 3,000 PE. In this study, PE is defined based on Biological Oxygen Demand (BOD): 60 gBOD
per person per day. Raw wastewater is initially pumped using an Archimedes screw pump to provide
sufficient head pressure. The wastewater then passes through screening and grit removal, before being
split into two treatment streams operating in parallel. The first treatment stream passes through a
primary settler, a conventional activated sludge (CAS) system for carbon removal and trickling filters
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arranged in series for nitrification. The second treatment stream passes through primary sedimentation
followed by a series of anaerobic, anoxic and aerobic chambers for biological phosphorus, nitrogen
and carbon removal with recirculating biomass captured by secondary clarifiers. The two treatment
streams merge before being passed through activated sand filtration and ultra violet (UV) disinfection.
UV disinfection operates seasonally to ensure the effluent meets the discharge requirements for the
Isar River during swimming season. The PS and WAS produced during the treatment process are
thickened prior to anaerobic digestion using settling and centrifugation, respectively. Two mesophilic
anaerobic digesters (AD1: 2350 m3 and AD2: 1100 m3, 38°C, HRT 30 d) operate in parallel. Biogas
is converted to heat and electricity by three CHPUs rated at 190 kWel each.
9.3.2 Operational changes at Gru¨neck WWTP
During the five-year study period 2013 to 2017, the key operational changes undertaken at Gru¨neck
WWTP were i) introducing food waste co-digestion, ii) upgrading the aeration system blowers and iii)
installing a solar dryer.
Food waste co-digestion
In May 2014, co-digestion with processed food waste commenced. The food waste was obtained from
a centralised food waste processing facility in Oberding (Germany) described in Nghiem et al. [118].
The food waste was delivered in 26 t truck-loads twice per week at a cost of 3 C t-1 (approximately
6,000 C a-1). At Gru¨neck WWTP, the food waste was stored and pre-mixed with sewage sludge to
provide a continuous dosage of food waste at 0.24 ± 0.06 kgVS m-3 d-1. This is equivalent to 20%
additional OLR, but only 5% additional volume. The food waste OLR was consistent over the period
of the study, however the composition changed seasonally. The base OLR of sewage sludge to the
digesters gradually increased from 1.09 ± 0.18 kgV S m−3 d−1 in 2013 to 1.38 ± 0.12 kgVS m-3 d-1 in
2017, and therefore the relative OLR of the food waste decreased throughout the study.
Aeration system upgrade
In September 2014 the blower system was upgraded from a HV Turbo paddlewheel blower system
to an Aerzen rotary lobe blower system. The original blower system was built in 1987 and consisted
of 64 kW compressors (Model: KA4S – GK4 transmission) from HT Turbo. A combination of high
maintenance costs, high power consumption and sub-optimal operational performance (e.g. compressor
motor constantly at full drive speed, diffuser drive air regulation not compatible with revolutions) led
to the blower system upgrade. The new blower consists of three Aersen Delta Hybrid Rotary Lobe
Blowers (Model: D75L). Two of the blower units have equal performance (75 kW, 64 m3 min-1) and
the third unit was designed for a lighter load (55 kW, 48 m3 min-1). Other components of the aeration
system (e.g. fine bubble rubber membrane diffusers in aeration tanks) were not upgraded.
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Installation of solar drying facility
In November 2015, a solar sludge drying facility was installed to lower biosolids transportation costs
by decreasing the moisture content of a portion of dewatered sludge leaving the WWTP. The facility
was designed by Du¨nser and Aigner and the main equipment supplier was Thermo System. The solar
sludge drying facility has a capacity of 1887 t a-1 (wet basis) and increases the solids content of the
dewatered sludge from 23% to 50 - 62% Total Solids (TS). No drying takes place when the ambient air
temperature is below 10 °C. Therefore the facility is operational for approximately 240 days each year.
9.3.3 Operational data
Operational data for Gru¨neck WWTP during 2013-2017 was derived from consultations with the
plant operator, annual reports, energy reports and sludge reports. Baseline aeration requirements
were calculated from the monthly data between January 2013 and August 2014. Baseline conditions
for assessing the downstream impacts of co-digestion (e.g. sludge production and dewaterability)
were calculated from the 2013 annual report. Nutrient backloads were calculated based on laboratory
analysis of individual grab samples (n = 4 between January 2013 and May 2014 and n = 12 between
May 2014 and December 2017) in combination with centrate volumes reported in the annual reports.
All calculations regarding sludge disposal including transportation distances to incineration plants
were derived from the annual sludge reports.
9.3.4 Plant-wide and disposal system-wide energy balance
Energy (kWh PE-1 a-1) was chosen as the common metric to quantify benefits and drawbacks associated
with the three process upgrades. Whilst some factors (such as renewable energy generation) were
already measured as energy, other metrics (such as nitrogen backload and dewaterability) required
conversion. Changes in nitrogen backload were measured as the increase in aeration energy required
to treat the backload (2.8 kWh per kg N removed [252]) Changes in sludge dewatering costs were
based on the increases in sludge pumping energy (values given in annual energy report). Solids
accumulation removal was quantified as the energy production lost during digester shut-down based
on the cleaning event in 2017 (values derived from the annual operational report). Other factors, such
as leveraged infrastructure and biosolids quality could not be readily quantified and were excluded
from the simplified trade-off analysis.
The benefits and drawbacks of co-digestion and the solar dryer within the wider disposal system
(e.g. transportation and incineration) were estimated using literature values and in consultation with
the plant operator. Fuel off-sets for transportation (1.35 MJ t-1 km-1) and the energy for food waste
pre-processing (29.4 kWh t-1) were calculated based on literature values [253]. The transportation
distances were calculated based on the waste contracts (sludge annual report). Heat energy savings
during incineration from reduced biosolids moisture were calculated using specific enthalpy values
in steam tables based on furnace operating conditions described in Niessen [254]. Energy produced
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during incineration was calculated based on the low heating value (LHV) for biosolids (12.3 MJ kgTS-1
) [254] and raw food waste (37.7 MJ kgTS-1) [255].
Financial figures for capital costs (rotary lobe blowers, food waste acceptance facilities, and solar
dryer) and operating costs (grid electricity, food waste transport, and biosolids disposal) were provided
by the plant operator. The operating cost savings for the blower upgrade were calculated based on
2016 aeration energy savings and the grid electricity price. The operating cost savings for the solar
dryer were calculated based on the transportation and incineration costs of the mass of water that is
now instead being removed in the solar-dried sludge. The annual cost savings for co-digestion were
calculated by subtracting the food waste transportation costs from the grid electricity savings. The
food waste transportation costs were calculated by multiplying the gate fee (3 C t-1) by the total tonnes
of food waste accepted in 2016. The grid electricity savings associated with food waste co-digestion
were calculated by subtracting the estimated electricity production from sewage sludge mono-digestion
from the total electricity production recorded in the 2016 annual electricity report. The payback period
was calculated by dividing the investment cost by the net annual cost savings.
9.4 Results and Discussion
9.4.1 Power consumption at Gru¨neck WWTP
The specific power consumption throughout the study period was 0.64± 0.08 kWh per m-3 wastewater
treated. Gru¨neck WWTP’s power consumption is above the German national average of 0.40 -
0.43 kWh m-3 and European average 0.40 - 0.53 kWh m-3 [237, 256]. Figure 9.2 shows the energy
consumption for different unit processes; however 11% of the total plant energy was not accounted for
during the study (i.e. the sum of energy attributed to specific unit operations is lower than the reported
plant energy use).
Primary treatment accounts for 20% (0.12± 0.02 kWh m-3) of the plant energy demand, which is more
than double the 0.05 kWh m-3 reported by Horstmeyer et al. [257]. High energy demands for primary
treatment were primarily due to the high energy demand associated with headworks and pumping
(Figure 9.1).
Biological treatment, including upgraded aeration and trickling filtration, accounts for approximately
40% of the plant’s power consumption (0.24 ± 0.02 kWh m-3). As illustrated in Figure 2, upgrading
the aeration system in September 2014 resulted in a 16 ± 2% reduction in average specific power
consumption for aeration (from 0.20 kWh m-3 to 0.17 kWh m-3). The average trickling filter consump-
tion remained the same at 0.07 ± 0.02 kWh m-3. The combined values (0.24 ± 0.02 kWh m-3) are
of similar magnitudes to those reported in literature: 0.27 kWh m-3 for CAS and 0.25 kWh m-3 for
trickling filter systems [237]. This indicates that the biological treatment processes are not responsible
for the higher than average energy consumption observed at Gru¨neck WWTP.
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The large range of energy consumption for UV disinfection treatment is due to the seasonal operation
of the UV lamps and ancillary lifting screws. The latter are used to discharge the treated wastewater
upstream. The UV lamps are operated from April to September to meet stricter discharge requirements.
The sand filtration unit is operated throughout the year consuming a constant 0.04 kWh m-3 (7%).
When combined with UV during the peak summer months it can consume a combined total of 0.12
kWh m-3 , equating to 15% of total plant energy usage. This peak summer energy demand is similar to
0.121 kWh m-3 reported by Longo et al. [248] for tertiary treatment using pumped tertiary filtration
(0.059 kWh m-3 ) and UV lamps (0.062 kWh m-3 ).
Energy associated with biosolids management accounts for up to 13% of plant energy usage with sludge
thickening, digester heating and mixing being the major energy consuming operations. Panepinto et
al. [240] reported similar unit energy values for sludge thickening (0.008 kWh m-3), anaerobic digestion
(0.042 kWh m-3) and centrifugation (0.018 kWh m-3). This suggests that biosolids management is
not responsible for Gru¨neck’s higher than average energy consumption. The high specific power
consumption at Gru¨neck WWTP may be attributed to i) high power intensity of headworks and
pumping, and ii) energy-intensive advanced treatment using sand filtration and UV disinfection
processes.
9.4.2 Impact of operational changes on WWTP energy self-sufficiency
Gru¨neck WWTP’s energy self-sufficiency increased by 24% (from 64 to 88%) through i) reducing
plant energy consumption with blower system upgrades (8%) and ii) enhancing energy production
through food waste co-digestion (16%).
Figure 9.3a shows the monthly power consumption (stacked area) and power production (black solid
line) normalised per cubic meter of raw wastewater treated. The recorded power produced represents
the electricity produced on-site from the three CHPUs. The dashed line represents the estimated
contribution of sewage sludge to power production based on the sewage sludge specific methane yield
derived from the 2013 baseline mono-digestion conditions in combination with the organic loading
derived from the annual reports (see Table 9.1). The increase in power generation from food waste
co-digestion (approximately 400 MWh a-1) is the difference between the solid and dashed lines. To
highlight changes in power consumption for aeration, disinfection and biosolids management, other
minor power consuming processes have been combined (yellow area in Figure 9.3a). The proportion
of area under the black electricity production line represents the amount of plant power requirements
that can be supplied by on-site power production (i.e. energy self-sufficiency). The power production
drops observed during June and July of each year are associated with a large rainfall event in 2013,
WAS thickener upgrades in 2015 and the removal of accumulated solids from the digesters in 2017.
Food waste co-digestion and the aeration system upgrade improved plant power production and con-
sumption (Figure 9.3a). The contribution of these improvements to increasing energy self-sufficiency
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Figure 9.2: Operational energy consumptions for the individual units at the Gru¨neck WWTP during
2013-2017
are represented in Figure 3b. Total plant energy self-sufficiency is illustrated as the total stacked
area. The contribution of the aeration system upgrade to energy saving is represented as the hatched
green area and the energy saving contribution of food waste co-digestion is illustrated as the dark
green patterned area (Figure 9.3b). The impacts are separately explained in Section 3.2.1 and 3.2.4,
respectively.
Blower upgrade
The aeration system upgrade to rotary lobe blowers (September 2014) reduced the power requirements
for aeration by 0.03 ± 0.02 kWh m-3 (hatched green area in Figure 9.3a), representing a 16 ±
2% reduction. This percentage reduction in aeration energy is similar to the 15% reported by the
blower supplier. This blower upgrade contributed to a 13% (350 MWh a−1) reduction in plant power
consumption increasing the energy self-sufficiency by 8 ± 3% relative to 2013. The improvement is
illustrated as the hatched green patterned area in Figure 9.3b.
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Figure 9.3: Top Figure: Gru¨neck WWTP energy balance : power consumption (stacked area) and
power production (line) in kWh per m3 wastewater treated. Bottom figure: Gru¨neck WWTP energy
self-sufficiency: contribution of increased energy production from co-digestion (dark green area) and
energy savings from aeration upgrade (hatched area)
Seasonal effluent requirements
The cyclic usage of UV disinfection lamps and auxiliary equipment (dark blue area in Figure 9.3a) illus-
trates the impact of seasonal effluent discharge requirements on plant power consumption. The higher
energy demands associated with the additional UV treatment requirement during April-September
contributes negatively to the plant’s energy self-sufficiency.
Solar dryer
Installing a solar dryer had minimal influence on energy self-sufficiency with the solar dryer consuming
a relatively small amount of energy (0.01 kWh m-3 (red area in Figure 9.3a)), increasing the plant
energy consumption by less than 2%. However, solar drying had an impact on biosolids management
cost due to a reduced sludge volume (see Section 9.4.3).
9.4. RESULTS AND DISCUSSION 193
Food waste co-digestion
Food waste co-digestion boosted the electricity production by 0.11 ± 0.03 kWh m 3, a 25 ± 6%
increase. In Figure 9.3a, this is illustrated by the difference between the solid and dashed black lines.
This increase in electricity production translated to an improvement in energy self-sufficiency of 16 ±
5% (dark green patterned area in Figure 9.3b). On a percentage basis, food waste co-digestion was
approximately twice as effective as the blower upgrade at increasing energy self-sufficiency. However,
improvements from food waste co-digestion are low compared to other published studies. At similar
food waste OLR to Gru¨neck (0.24 kgVS m-3 d-1), Rovereto (0.24 kgVS m-3 d-1), Garching/Alz (0.32
kgVS m-3 d-1) and Strass (0.27 kgVS m-3 d-1) WWTPs improved energy self-sufficiency by +32%,
+53%, and +37% respectively [123–125].
In contrast to laboratory studies, full-scale studies often have several overlapping effects that make it
difficult to assign an observation to a single operational change. As detailed in Section 3.3, several
operational changes usually occur simultaneously with the introduction of co-digestion. In the case
of Rovereto WWTP, the installation of the food waste processing facility increased the plant energy
consumption by 9 kWh PE-1 a-1 [124]. At Garching/Alz WWTP, the combined heat and power units
were upgraded and it improved the electrical efficiency from 23 to 31%, further enhancing the benefits
of increased biogas production [123]. To further explore these plant-wide differences, Section 9.4.3
focuses on the downstream impacts of food waste co-digestion
9.4.3 Plant-wide impacts of food waste co-digestion
Table 9.1 compares the impacts of food waste co-digestion at Gru¨neck WWTP with three full-scale
food waste co-digestion case studies [123–125]. Each of these studies monitored WWTP power
production and consumption for at least one year each during both i) sewage sludge mono-digestion
and ii) food-waste co-digestion operations.
Anaerobic digester performance
Table 9.1 details the operational data of the digester for both before and after co-digestion was
implemented. The mono-digestion practices in 2013 operated with an OLR of 1.08 kgVS m-3 d-1
with a hydraulic retention time (HRT) of 32 ± 5 days. Since May 2014, this has increased by 0.24 ±
0.06 kgVS m-3 d-1 by the addition of food waste. Although the introduction of food waste temporarily
increased process variability, consistent stability of the digestate has since been attained. The average
VS removal increased from 64 to 68% indicating i) the added food waste was highly degradable and ii)
the reduced residence time of 27 ± 2 days (due to additional hydraulic loading of 5 ± 1 m3 d-1) is
sufficient for both the sewage sludge and food waste to be degraded. No statistically significant changes
in organic acid concentrations (349 ± 145 mg L-1 on average) occurred subsequent to co-digestion
and the pH remained steady at 7.3 ± 0.1. This indicates that rapid hydrolysis and fermentation of the
food waste was sufficiently buffered by sewage sludge alkalinity (4,435 ± 550 mg CaCO3 L-1) and
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Table 9.1: Comparison of plant-wide impact of food waste co-digestion at Gru¨neck WWTP with
literature case studies
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co-digestion at 20% additional OLR (0.24 kgVS m-3 d-1) did not negatively impact process stability.
Rovereto WWTP also reported similar stable digester performance based on consistent pH, low VFA
concentrations, minimal alkalinity reduction and stable VS removal when co-digesting food waste at
the same OLR 0.24 kgVS m-3 d-1, but with a longer HRT of 30-40 days [124].
Solids accumulation
The settling and flow properties of food waste can be different from sewage sludge and may not
have been considered during the design of the digester mixing system. Additionally, food waste has
inorganic impurities (e.g. plastics, glass, metals, porcelain, shells, etc.) that readily settle. Therefore,
co-digestion can cause an increased accumulation of solids in the anaerobic digester. The extent
of accumulation can be impacted by i) food waste composition ii) impurities and iii) pre-treatment
processing. Solids accumulating within the digester create dead space which reduces the effective
reactor volume and hydraulic retention time, which may therefore reduce the extent of biodegradation.
When co-digesting food waste, it is important to monitor present impurities and consider removal
strategies as needed. In July 2017, highly fibrous accumulated solids were removed from anaerobic
digesters at Gru¨neck WWTP. The removal of accumulated solids is not regularly undertaken at Gru¨neck
WWTP and had not occurred for over 20 years. Therefore, the contribution of food waste to the
solids accumulation cannot be properly determined. However, based on a fixed solids mass balance
over four years (2014-2017), it is estimated that approximately 50 kg d-1 of inorganic impurities
are accumulated in the digesters. Previous studies have also reported accumulation of solids and
fibrous scum in digesters co-digesting food waste [124, 258]. Moosburg WWTP operates at a higher
co-digestion loading of 2.1 kgVS m-3 d-1 and an estimated solids accumulation at 165 kg d-1 [128].
Mattioli et al. [124] estimated a similar solids accumulation rate of 160 kg d-1 at Rovereto WWTP.
Mattioli et al. [124] also reported the accumulation of floating material on the top layer of the digesters
subsequent to co-digestion, as well as impurities such as plastic pieces, elastic bands and seeds present
in dewatered cake.
Biogas production and composition
The high degradability and relatively fast degradation kinetics of food waste compared to sewage
sludge ensured that the added food waste was successfully converted into methane [20]. The recorded
average methane production increased by 25 ± 6% from 1,431 m3 d- 1 in 2013 to 1,898 m3 d- 1 in
2016. These improvements in biogas production are consistent with those documented by Edelman et
al. [31], where 20% additional OLR at Frutingen WWTP (8,000 PE) in Switzerland resulted in a 25%
increase in biogas production without any impact on the working conditions or the operation of the
plant.
Differences in baseline biogas production as well as differences in food waste composition and methane
potential will impact the relative improvements in biogas production at different WWTPs (Table 9.1).
At Garching/Alz WWTP, co-digesting 38% additional OLR more than doubled biogas production
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(103%) and increased the specific methane production from 0.31 to 0.39 m3 CH4 kgVS-1 [123].
Comparatively in the case of the Gru¨neck WWTP, there was no statistically significant change in
specific methane production after commencing co-digestion. This is due to i) the high baseline sewage
sludge methane potential (0.42± 0.06 m3 CH4 kgVS-1) from the high proportion of PS, ii) the increased
proportion of WAS in the mixed sludge from 2014, and iii) the methane production of the food waste
being statistically similar to that of the sewage sludge (0.45 m3 CH4 kgVS-1 [119]). As illustrated in
Table 9.1, the relative change in biogas production from food waste co-digestion is unique to each
WWTP and highly dependent upon the i) biodegradability and methane potential of the mixed sewage
sludge, ii) biodegradability and methane potential of the food waste, iii) organic loading of the sewage
sludge and food waste, iv) retention time, and v) operating conditions.
An additional consideration when planning for co-digestion is to ensure that there is sufficient spare
capacity in the gas infrastructure for biogas treatment, for gas storage and in the CHPU to accommodate
the additional biogas production. The capacity of the cogeneration CHPU at Gru¨neck WWTP is 3
x 190 kWel with only 34% utilisation in 2013. Therefore, there was adequate spare capacity for
co-digestion and no upgrade was required. CHPU efficiency is a function of load and increases when
operating closer to optimum conditions [259]. Higher biogas load from the addition of food waste
can therefore increase CHPU efficiency. This increase in efficiency was observed at Zirl and Strass
WWTPs where the power production increased in greater proportion compared to the increase in
biogas production (Table9.1).
The efficiency of the CHPU is also influenced by the biogas composition, which fluctuated at Gru¨neck
WWTP since commencing food waste co-digestion. The methane concentration of the biogas has
mostly been maintained at 58 ± 2%; however there have been temporal decreases to 54% CH4.
Reductions in methane concentrations could be associated with a seasonal changes in food waste
composition [12]. Similar reductions in biogas quality associated with food waste co-digestion were
reported at Rovereto WWTP [124] and Garching/Alz WWTP [123] (Table 9.1). Additionally, the
concentration of hydrogen sulphide (H2S) in the biogas has increased slightly at Gru¨neck WWTP
since commencing food waste co-digestion, fluctuating at times up to 200 ppm from a baseline of 21
± 15 ppm. These temporal periods of high H2S concentrations are however in concentration ranges
far below critical equipment corrosion limits (< 500 ppm [260]).
Dewaterability
The digestate (anaerobic digester effluent) solids concentration was consistently 2.5 %TS throughout
the study period. However, the dewaterability decreased from 25 ± 1%TS in 2013 to 23 ± 1%TS
in 2015-2017. This is further evidenced in a t-test which respectively yielded the results that the
%TS during the co-digestive years (2015-2017) were statistically similar (p > 0.05) to each other,
but significantly different from the mono-digestive year (2013) (p < 0.05). This 10% reduction in
dewaterability could be attributed to the food waste co-digestion and/or the increased proportion
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Figure 9.4: Sludge production and disposal volumes at Gru¨neck WWTP 2013-2017
of WAS in the sewage sludge. At Strass WWTP, polymer demand was altered up to +100% to
manage dewaterability changes from food waste co-digestion [125]. At Gru¨neck WWTP, however, an
analysis of the polymer/flocculent addition indicated that 8.0 ± 0.1 t a-1 of flocculants were consumed
throughout the study period despite reduced dewaterability from 2014 on. Therefore, there is scope to
improve dewaterability through investigating higher flocculant dosages or other polymers more suited
to the digestate matrix properties. However, increased polymer dosing would result in a cost increase.
Previous studies have also reported changes in digestate TS and dewaterability associated with food
waste co-digestion. Rovereto WWTP reported a similar reduction in dewaterability from 24 to 23
%TS whilst co-digesting food waste at 0.24 kgVS m-3 d-1 (20% additional OLR) [124]. In contrast,
Strass and Zirl WWTP reported improved dewaterability for food waste AcoD up to 25% additional
OLR, but reduced dewaterability for higher food waste loadings [125]. The variability illustrates
the complexity of factors that influence dewaterability: from food waste composition, purity and
pre-treatment processes to dewatering technology, polymer type and dosage, as well as the need for
optimisation of dewatering systems.
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Sludge production
To manage the increase in solids production associated with co-digestion and to reduce biosolids
disposal costs, a solar dryer was installed in November 2015. The solar dryer enabled biosolids
disposal to be reduced from 4,187 to 2,946 t a-1, an approximately 30% reduction between 2014 and
2016. Figure 9.4 shows a clear increase in sludge volumes produced since 2013 (wet basis) and a clear
reduction in the volume of dewatered and dried sludge leaving the WWTP since installation of the
solar dryer in 2015. The increase in sludge production of 4.7 t d-1(wet basis) is similar in magnitude to
4.5 t d-1 (wet basis) reported at Rovereto WWTP [124] at similar food waste co-digestion loadings
(Table9.1) [124].
The solar dryer installation enabled the sludge transportation cost to be reduced by approximately
30% with minimal impact on total plant energy (36 MWh a 1, below 2% of the total plant power
consumption). In 2016, 709 t (55% TS) of solar dried sludge and 2,238 t (23% TS) of dewatered
sludge were disposed of. The decrease in solar dried sludge disposed of in 2017 is due to the volatility
of the biosolids disposal market and the fact that during October, November and December 2017,
the solar dried sludge was stockpiled rather than sold. Whilst the main motivation for installing the
solar dryer was to reduce operational costs, an additional advantage of this system is the production
of two biosolids products (dewatered and solar dried sludge) which can be advantageous given the
complexity of the biosolids disposal market. The solar dryer generates a condensate stream with
potentially high nitrogen concentrations. However, the impact of the condensate on plant operations is
almost negligible due to the very small volumes.
Nutrient backload
After digestate dewatering, the centrate stream is recirculated back to the mainline water treatment
process (trickling filter and second aeration tank) for biological treatment. Food waste contains organic
nitrogen that degrades into ammonia nitrogen during anaerobic digestion, increasing the nitrogen load
in the centrate [118]. Based on available data, the average annual nitrogen backload was estimated
to have increased from 39 ± 4 t NH4-N a-1 to 42 ± 11 t NH4-N a-1 since co-digestion. This change
however is not statistically significant. Regarding measured impacts on the mainline treatment process:
i) the volume of the external carbon source (ethanol) for denitrification remained the same throughout
the study period and ii) any minor changes in aeration requirements were masked by the increased
energy efficiency gains from the blower system upgrade.
Overall, the data suggests that co-digesting food waste at 0.24 kgVS m-3 d-1 has minimal impact on
centrate quality and nutrient backloads. This limited impact could be due to the relatively low food
waste loading rate. The minimal impact is consistent with the Zirl WWTP full-scale co-digestion
study, which reported that food waste co-substrate additions of 0.29 kgVS m-3 d-1 resulted in no severe
change in the nitrogen backload [125]. However, at higher food waste loadings (>25% additional
OLR) at both Zirl and Strass WWTPs, the nitrogen backload increased significantly and management
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Figure 9.5: Benefits and drawbacks of food waste co-digestion, blower upgrade and solar dryer
installation at Gru¨neck WWTP. Annual operational cost (OPEX) savings are presented on the abscissa.
Process benefits and drawbacks measured as energy in kWh PE-1 a-1 are illustrated on the ordinate
strategies needed to be implemented [125].
9.4.4 Plant-wide and disposal system-wide impact of operational changes
The operational changes did not impact wastewater treatment performance throughout the study period
(2013-2017). Gru¨neck WWTP consistently achieved BOD and nitrogen removals of 99.3 ± 0.2 and
81.3 ± 5.1 %, respectively. The dissolved oxygen (DO) set-point in the aeration tanks remained at
1.0-1.5 mg L-1 and the concentrations of BOD, total Kjeldahl nitrogen (TKN) and total phosphorus
(TP) in the effluent were maintained below discharge regulations (BOD < 13 mg L-1, N < 13 mg L-1,
P < 1 mg L-1 [261]) at 3 ± 1 mg BOD L-1, 10 ± 1 mg N L-1, and 0.5 ± 0.1 mg P L-1 throughout the
study period.
Figure 9.5 displays the operational cost benefit analysis of the three process upgrades made. The 2016
operational cost (OPEX) savings from these process upgrades are presented on the abscissa. The
blower upgrade reduces purchased grid electricity by 0.80 C PE-1 a-1 from improved power efficiency.
Although food waste co-digestion has an annual transportation cost of 6,000 C (0.08 C PE-1 a-1), the
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Figure 9.6: Benefits and drawbacks of food waste co-digestion and solar drying in the wider disposal
system context
increased power production from food waste saves 1.55 C PE-1 a-1 in purchased electricity from the
grid. AcoD provides a net gain of 1.47 C PE-1 a-1. The reduced sludge volumes from evaporation in
the solar dryer avoided the transportation of approximately 1,000 tonnes of water per year, saving 0.90
C PE-1 a-1 in biosolids transportation fees.
The benefits (positive values) and process drawbacks (negative values) from the three operational
changes are represented on the ordinate in Figure 9.5. The biogas and subsequent power production
from food waste co-digestion saves 5.6 kWh PE-1 a-1 of grid electricity. This energy saved at the low
food waste organic loading (20% additional OLR) outweighs the process drawbacks such as nitrogen
backloading, reduced dewaterability, fluctuating biogas quality and potential removal of accumulated
solids.
The capital expenditures for the blower upgrade, food waste acceptance facilities and solar dryer were
50,000 C, 150,000 C and 2,000,000 C, respectively. Based on the current OPEX savings, the blower
upgrade and food waste acceptance facilities have payback periods of 10 and 17 months, respectively.
However, the solar dryer has a payback period of 30 years.
9.5. CONCLUSION 201
Expanding the energy analysis to incorporate savings from the sludge incineration as well as off-sets
associated with other food waste management options revealed that co-digesting food waste and
installing the solar dryer save energy in the wider waste management context (Figure 9.6). The results
support the life cycle assessment of Bernstad and Jansen [262], who concluded that anaerobic digestion
is a more energy efficient food waste management strategy compared to incineration. Additionally this
case study demonstrated that consuming 0.5 kWh PE-1 a-1 of energy for sludge drying at the wastewater
treatment plant saved 2 kWh PE-1 a-1 during biosolids transportation and 15 kWh PE-1 a-1 of heat
energy during incineration. Although these savings are site-specific, the significant external energy
savings highlight the importance of regulators taking a holistic system approach when proposing waste
management strategies, policy and regulation in order to improve energy efficiency across the entire
waste sector
9.5 Conclusion
Gru¨neck WWTP increased energy self-sufficiency from 64 to 88% by reducing energy consumption
with aeration upgrades (3.0 kWh PE-1 a-1) and increasing energy production with food waste co-
digestion (5.6 kWh PE-1 d-1). The increased power production from co-digesting food waste at 0.24
kgVS m-3 d-1 energetically out-weighed downstream impacts of reduced dewaterability, increased
solids accumulation and nitrogen backload. Payback periods for the co-digestion facility and blower
upgrade were 10 and 17 months respectively and are already positive investments. This case study also
demonstrates that there is significant potential for WWTPs to achieve energy self-sufficiency through
a combination of strategies, which both reduce energy consumption and increase energy production.
Management of plant-wide impacts associated with each strategy should be considered when selecting
the appropriate mix of strategies, as should site-specific variables, such as energy price, transportation




This thesis developed fundamental knowledge of factors influencing the co-digestion capacity of
AD systems operating at mesophilic-psychrophilic temperatures. Specifically, links between co-
digestion capacity and the impact of differences in feedstock and temperature on microbial community
composition and metabolic functional capacity were identified. This thesis integrated well-controlled
long-term experiments (bioreactor operation), metabolic rate evaluation (activity assays), microbial
community profiling (16S rRNA gene sequencing) and co-digestion capacity assessments (biomethane
potential assays) to demonstrate how metabolic process kinetics can inform co-substrate selection and
define co-digestion capacity.
This thesis also explored how co-digestion capacity could be limited by plant-wide impacts at full-scale.
Five years of operational data from Gru¨neck WWTP (Germany) was used to quantify the contribution
of food waste co-digestion to improving energy self-sufficiency and determine plant-wide impacts
(including nitrogen backloading, solids accumulation, reduced dewaterability). Knowledge of these
plant-wide impacts are essential in determining the plant-limiting processes (e.g. nitrogen removal
capacity, solids handling) governing co-digestion loading capacity.
10.1 Conclusions
10.1.1 Impact of differences in temperature and feedstock on organic loading
capacity and metabolic process kinetics
Continuous reactor performance and batch activity assays for SS and PM systems at 37, 25 and 15°C
demonstrated that feedstock and operating temperature impact organic loading capacity. This process
capacity was most significantly reduced by lower operating temperature, however the physico-chemical
properties of the feedstock were also influential. Despite reduction in process capacity at 25°C, long
retention times (20 day SRT), low organic loading (1.2± 0.4 kgVS L-1 d-1) and minimal microbial shifts
enabled the process performance of both feedstock systems operating at 25°C to be comparable with
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that achieved at 37°C. At 15°C, significantly slower process kinetics, reduced substrate degradability
and larger microbial shifts caused a significant reduction in process performance in both feedstock
systems.
Long chain fatty acid (LCFA) degradation and propionate degradation were the metabolic processes
consistently identified to be rate-limiting. The significant reduction in these already slow metabolic
kinetics at 15°C corresponded to a similarly significant reduction in relative abundance of suggested
acetogens and fatty acid degraders as well as their syntrophic partners hydrogenotrophic methanogens.
Acetogenesis was the metabolic step most sensitive to temperature changes due to these microbial
shifts and the temperature dependency of thermodynamic constraints. Acetoclastic methanogenesis
was the dominant methanogenic pathway at all operating temperatures in both feedstock systems. The
consistently high relative abundance of a single Methanosaeta strain, regardless of operating tempera-
ture or feedstock, indicates that (i) low organic loading and low TAN conditions enabled Methanosaeta
to out-compete SAOs, even at psychrophilic conditions; and (ii) the reduced methanogenic capacity at
lower temperatures appeared to reflect Methanosaeta’s reduced catabolism and greater mass transfer
limitations at lower temperatures.
Analysing the relationship between continuous reactor process performance and microbial community
dynamics revealed that phylogenetic diversity could not be correlated with process stability. Rather,
the efficiency and stability of the AD process was dependent on the symbiotic activities and balance
between different trophic groups (fermenters, acetogens and methanogens). In this study comparing
SS and PM systems, feedstock was found to be a greater determinant for microbial community
structure than temperature in the range 15-37°C. Differences in feedstock explained 47% of microbial
community variance, whereas differences in temperature explained 16% of such variance. The
balance between different trophic groups was correlated with process stability and the balance between
upstream (hydrolysis/acidogenesis) and downstream (acetogenesis/methanogenesis) metabolic process
rates.
Ratios of upstream to downstream metabolic process rates can provide insight into the level of process
risk and potential bottlenecks in the AD process. For example, in the SS system, the higher rate of
protein degradation relative to the rate of downstream acetogenesis and methanogenesis indicated high
process risk for protein-based substrates at all temperatures; similarly, the process risk for carbohydrate-
based substrates in the SS system increased with decreasing operating temperatures. The PM system,
comparatively, displayed balanced process rates at 37 and 25°C; however, at 15°C, the balance of the
PM system became severely downstream limited, highlighting propionate degradation as a potential
bottleneck in the AD process. This imbalance in upstream and downstream metabolic rates for the
PM system at 15°C correlated with increased propionate accumulation in the PM reactor operations
as well as increased imbalance between relative abundance of fermenters and acetogens within the
microbial community.
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The continuous reactor performance of the SS and PM systems were modelled in ADM1. To simulate
operations at psychrophilic temperatures metabolic uptake rates and biomass decay rates in ADM1
model were modified as temperature-dependent variables. The relative change in metabolic process
kinetics from 37°C to 25°C to 15°C were derived from the experimental activity assays. A comparison
of the modified ADM1 model, and experimental data for the SS and PM systems, demonstrated
that batch kinetic rates using well-adapted inoculum could improve the utility of ADM1 to describe
continuous process performance at psychrophilic temperatures.
10.1.2 Impact of temperature and feedstock on co-digestion capacity
The fundamental work detailed in this thesis established that feedstock impacts microbial composition,
metabolic process kinetics and overall process performance. This has important implications for co-
digestion, as co-digestion changes the physico-chemical composition of the feedstock while increasing
the organic load, both of which alter the metabolic capacity of the system. The metabolic capacity of co-
digestion systems will therefore be dynamic and influenced by changes in both feedstock composition
and operating conditions.
Metabolic capacity and the ratio of upstream to downstream metabolic process kinetics were found to
influence co-digestion capacity under the conditions studied in this thesis. Co-digestion capacity was
higher in AcoD systems which co-digested feedstocks with (i) complementary digestion pathways, (ii)
complementary degradation kinetics that did not exceed the capacity of the rate-limiting metabolic step;
and (iii) sufficient alkalinity and nutrients in the combined mixture to promote a balanced microbial
community.
At all operating temperatures (37, 25 and 15°C), SS had a higher capacity for co-digesting food waste
(FW) than glycerol (GLY) due to FW having slower digestion kinetics and a greater diversity of
degradation pathways not leading to the rate-limiting metabolic step (propionate degradation). GLY
co-digestion capacity reduced at lower temperatures due to increased imbalance between relative
kinetic rates of glycerol fermentation and propionate degradation at psychrophilic temperatures.
The GLY co-digestion case study determined that base substrate digestion kinetics, pathways, and
properties as well as metabolic kinetics of the inoculum, impacted co-digestion capacity. Comparing
the GLY co-digestion capacity of SS, PM, and cattle slaughterhouse wastewater (SHW) AD systems
at 37°C, the greatest amount of glycerol (130% additional VS) was able to be co-digested with PM,
followed by SS (100% additional VS) and SHW (60% additional VS). A further study investigated
how GLY co-digestion capacity was influenced by the metabolic capacity of the inoculum. Digestion
kinetics and biodegradable fraction of the base substrate was impacted by the inoculum type, with
SHW exhibiting slower kinetics but higher biodegradability with STP inoculum than with SHW-
adapted abattoir lagoon inoculum. This resulted in greater GLY co-digestion capacity for SHW when
STP inoculum was used than when SHW-adapted abattoir lagoon inoculum was used. Glycerol
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degrades primarily into propionate and, therefore, it is strongly inferred that glycerol co-digestion
capacity is governed by: (i) fraction of base substrate degraded through propionate producing pathways
and rate of propionate production from base substrate digestion; (ii) fraction of glycerol degraded
through propionate producing pathways and rate of propionate production from glycerol digestion;
(iii) propionate degradation capacity of the inoculum; and (iv) system buffer capacity to deal with
propionate accumulation (base substrate and inoculum alkalinity). The high glycerol co-digestion
capacity of the PM system can be attributed to the slow digestion kinetics, low biodegradability, and
high alkalinity of the PM in combination with balanced upstream and downstream microbial capacity
of the PM-adapted inoculum.
10.1.3 Plant-wide impact of food waste co-digestion at full-scale WWTP
Gru¨neck WWTP increased energy self-sufficiency from 64% to 88% by reducing energy consumption
with aeration upgrades (3.0 kWh PE-1 a-1) and increasing energy production with food waste co-
digestion (5.6 kWh PE-1 d-1). The plant-wide analysis indicated that the aeration upgrades did not
affect effluent quality; however, co-digesting food waste at 20% additional organic load caused some
minor downstream impacts including a 10% reduction in dewaterability, fluctuating biogas quality
and 50 kgTS d-1 solids accumulation. A solar dryer was installed to manage the increased biosolids
production resulting from co-digestion. The dryer reduced biosolids transportation costs by 30%
with minimal increase in total plant energy (below 2%). Payback periods for the co-digestion facility
and blower upgrade were 10 and 17 months respectively. The solar dryer, however, has a payback
period of 30 years. Overall the increased power production from co-digesting food waste at 0.24
kgVS m-3 d-1 energetically outweighed downstream impacts of reduced dewaterability, increased solids
accumulation, and nitrogen backload. The co-digestion loading and dosing strategy implemented at
Gru¨neck WWTP is within the AD system capacity and plant-wide constraints.
10.2 Significance and application of research
This thesis represents a novel contribution to research by investigating links between metabolic process
kinetics, microbial community structure, and long-term continuous process performance for systems
which are fed complex feedstocks and are subject to different mesophilic-psychrophilic operating
temperatures. Findings of this work highlight the dynamic nature of AD metabolic process capacity
subject to differing feedstocks and operating temperatures. The ability of feedstock to govern metabolic
capacity has promising applications for co-digestion and the adaptability of microbial community
to increase digestion pathways for co-substrates, as well as increase co-digestion capacity through
managed co-substrate dosing over long operational periods. A unique modification of the ADM1
model with batch kinetics using well-adapted inoculum described continuous performance when
operating at psychrophilic temperatures. This model utility demonstrates the significance of metabolic
process kinetics for predicting process performance. Knowledge of metabolic process kinetics can,
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therefore, be used to indicate treatment capacity and process stability risk.
The similar process performance of the bioreactors at 25°C and 37°C indicates that potential energy
savings can be made for AD systems operating in cold climates with sufficiently long retention times by
operating at 25°C instead of 37°C. The increased process risk at lower operating temperatures indicates
greater sensitivity to shock loads or higher organic loading rates at psychrophilic than at mesophilic
temperatures. This has implications for the management of ambient AD systems and suggests lower
loading rates should be implemented during winter months (T<20°C) to manage increased process
risk.
This thesis presented the first systematic study conducted on the temperature-dependency of co-
digestion capacity over a mesophilic-psychrophilic temperature range. Results indicated that, for
co-substrates where organic overload is a key risk, co-digestion capacity can be linked to the balance
between upstream (hydrolysis/fermentation) and downstream (acetogenesis/methanogensis) process
kinetics. Knowledge of metabolic process kinetics can, therefore, inform co-substrate selection
and dosage strategies to maximise methane production and avoid acid accumulation or process
instability. In the mesophilic-psychrophilic range (15-37°C), temperature influenced co-digestion
capacity; therefore, seasonal dosage strategies are recommended for ambient anaerobic systems
operating without temperature control.
The Gru¨neck WWTP case study is one of the first full-scale studies to quantify plant-wide impacts of
co-digestion. Additional novelty of this work lies in the evaluation of the effectiveness of different
strategies to improve WWTP energy self-sufficiency. Findings from this case study provide practical
knowledge of the trade-offs for different strategies commonly employed to improve energy self-
sufficiency at WWTPs. This knowledge is particularly relevant for water utilities looking at investing
in co-digestion, blower upgrades, or other energy saving strategies. This work can help inform the
management of plant-wide impacts associated with different strategies and site-specific variables such
as energy price, transportation distances, and biosolids management which need to be considered when
selecting the appropriate mix of strategies. Overall, this case study provides evidence that there is
significant incentive for similar plants to improve energy self-sufficiency through a combination of
strategies which both reduce energy consumption and increase energy production.
10.3 Recommendations for future research
The work of this thesis contributes to current understanding of metabolic process kinetics, microbial
structure, and mechanisms of mesophilic-psychrophilic anaerobic digesters. It also documents the
benefits and drawbacks of full-scale co-digestion applications. This work has identified several
interesting directions that can be explored in further research.
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10.3.1 Functional analysis using post-genomic approaches
The work described in Chapter 6 highlighted that knowledge of microorganism relative abundance
could not correlate directly to functional capacity due to temperature dependencies of other contributing
factors. Additionally, many of the microorganisms identified in the PM and SS systems had the
potential to contribute to multiple metabolic pathways in the AD process. The inclusion of post-
genomic approaches (ie. metatranscriptomics, metaproteomics, and metabolomics) integrated with
process performance and kinetics could offer a greater insight into active metabolic pathways or
microorganisms and would identify immediate changes in metabolic profiles corresponding to in situ
system performance.
10.3.2 Development of standardised methodology for metabolic activity rate
In this thesis, metabolic activity rate assessments were based on methodology described by Soto et
al [141]. The lack of unified methodology for metabolic activity rates limits the comparison of this
work with other literature. In this thesis, kinetic rates were normalised using gVS,inoculum; however,
this metric had its limitations due to the fact that at lower temperatures, inoculum VS contained higher
proportions of residual non-degraded substrate. Alternative normalisations based on biomass estimates
(for example the number of gene copies) would also be limited by the DNA associated with residual
(non-degraded WAS) or inactive microbes in addition to current limitations and biases associated
with qPCR. Further research and development of a robust methodology for kinetic rates is required to
standardise factors influencing metabolic kinetic rates including: (i) the type and amount of substrates
to be tested; (ii) inoculum to substrate ratio; (iii) test volume; (iv) inoculum background correction; (v)
kinetic modelling; and (vi) kinetic rate normalisation.
10.3.3 Psychrophilic AD Model development
The modified ADM1 model presented in Chapter 5 was based on batch kinetics derived from adapted
inoculum when the reactors were operated at steady-state. Whilst the model was able to describe
the performance of the SS and PM AD systems operating at low organic loading, further research
is required to test the utility of the model to predict response to process disturbances (for example,
shock loads) or performance at high organic loading rates. Additionally, further profiling of metabolic
activity rates over a greater temperature range is required to improve the utility of the model.
10.3.4 Dynamics of metabolic capacity
This thesis profiled the metabolic capacity after long-term operational changes once the AD system
had reached steady-state at its new operating temperature. Further research is required to understand
how temporary temperature changes or shock loads affect links between microbial shifts, relative
rates of metabolic kinetics, and overall functional capacity. In this thesis, the time required for AD
system adaption to 15°C took longer than the average winter period. Therefore, further research
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is required to understand the dynamics of microbial process kinetics, microbial shifts and process
capacity changes for temperature profiles that more accurately represents seasonal fluctuations in
temperature experienced by ambient anaerobic lagoon systems. Additional research is required to
understand how microbial adaption to co-digestion affects metabolic kinetics and process capacity in
systems operated without temperature control.
10.3.5 Standardisation of metric to describe co-digestion loading
Co-digestion loading is described by an often confusing plethora of metrics (including but not limited
to % volume, % OLRCOD, % OLRVS, substrate ratios based on volume/VS/COD and additional
volume/VS/COD). From this thesis, degradable COD is suggested; however, further research is
recommended to compare different metrics for a wide variety of complex substrates and to create
a standardised methodology for measurement such that future co-digestion studies can be readily
compared and recommended dosages easily adopted by industry.
10.3.6 Full-scale co-digestion implementation constraints, gate-fee calculator
and sector-wide energy management strategy
In the Gru¨neck case study, food waste was co-digested at low loading with minimal downstream
impact. Further research documenting full-scale studies with a wider variety of co-digestion loading is
required to understand the plant-wide constraints regarding nitrogen treatment capacity or biosolids
management which limit co-digestion capacity. Additionally, further research is required to quantify
the external costs associated with co-digestion (e.g. solids removal, increased biosolids management,
increased nitrogen treatment) and to establish correlations between process risk and co-substrate
physico-chemical characteristics to better inform co-substrate selection and set economical gate fees.
Further, in regards to sector-wide energy-management strategies, future work through integrated
studies is required to understand the sector-wide impacts of different energy strategies and how these
can be better managed to improve energy self-sufficiency of the waste management sector as a whole
instead of individual sites.
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B.1 Summary of Operational Performance
B.1. SUMMARY OF OPERATIONAL PERFORMANCE 243
Table B.1: Summary of Sewage Sludge Lab-scale Continuous Reactor Performance during different
Operating Regimes
Operating Period Start up Phase I Phase II Phase III Phase IV
Temperature 37°C 37°C 25°C 15°C 15°C
No. of days of operation 106 115 148 81 229
Organic Loading Rate Control (S1) 1.4 ± 0.5 1.2 ± 0.4 1.2 ± 0.3 1.1 ± 0.3 0.9 ± 0.2
(gVS L−1d−1) Exp (S2) 1.5 ± 0.5 1.3 ± 0.4 1.2 ± 0.2 1.2 ± 0.3 0.9 ± 0.2
Methane Production Control (S1) 133 ± 179 216 ± 113 264 ± 46 328 ± 77 220 ± 75
(mL L−1d−1) Exp (S2) 245 ± 110 259 ± 56 278 ± 54 252 ± 86 180 ± 73
VS Destruction Control (S1) 46 ± 9 45 ± 3 48 ± 4 45 ± 3 48 ± 4
(%) Exp (S2) 47 ± 8 46 ± 2 43 ± 5 36 ± 7 38 ± 7
COD Removal Control (S1) 50 ± 10 51 ± 3 53 ± 4 50 ± 4 51 ± 4
(%) Exp (S2) 53 ± 8 52 ± 4 49 ± 5 39 ± 8 42 ± 7
Effluent TS Control (S1) 21 ± 2 21 ± 1 20 ± 1 21 ± 1 22 ± 2
(g L−1) Exp (S2) 20 ± 2 20 ± 1 21 ± 2 24 ± 2 24 ± 2
Effluent sCOD Control (S1) 797 ± 216 674 ± 111 650 ± 66 578 ± 78 606 ± 99
(mg L−1) Exp (S2) 756 ± 274 656 ± 94 643 ± 86 939 ± 217 847 ± 163
Effluent TAN Control (S1) 871 ± 195 942 ± 69 1056 ± 42 1064 ± 57 1084 ± 141
(mg N L−1) Exp (S2) 890 ± 60 939 ± 72 878 ± 40 748 ± 79 770 ± 103
Effluent Phosphate Control (S1) 149 ± 54 160 ± 25 154 ± 25 156 ± 37 102 ± 31
(mg P L−1) Exp (S2) 136 ± 24 158 ± 32 166 ± 32 175 ± 49 136 ± 49
Table B.2: Summary of Pig Manure Lab-scale Continuous Reactor Performance during different
Operating Regimes
Operating Period Start up Phase I Phase II Phase III Phase IV
Temperature 37°C 37°C 25°C 15°C 15°C
No. of days of operation 49 98 148 81 229
Organic Ioading Rate Control (P1) 1.6±0.9 1.2±0.3 1.2±0.3 1.2±0.4 0.9±0.3
gVS L−1d−1 Exp (P2) 1.6±0.9 1.2±0.4 1.2±0.3 1.2±0.3 0.9±0.4
Methane Production Control (P1) 317±82 436±89 451±108 370±125 327±88
mL L−1d−1 Exp (P2) 313±125 404±21 359±68 299±85 143±40
VS Destruction Control (P1) 63±6 53±5 54±3 55±4 57±8
(%) Exp (P2) 52±19 52±5 47±4 40±7 38±7
COD Removal Control (P1) 63±5 54±4 56±2 57±5 60±4
(%) Exp (P2) 61±7 55±4 51±4 44±7 43±5
Effluent TS Control (P1) 19.7±2.2 22.9±1.9 22.2±1.3 22±1.9 23.8±3.5
(g L−1) Exp (P2) 23.9±7.9 23±1.7 24.3±1.6 26.2±2.6 29.4±4.8
Effluent sCOD Control (P1) 2331±688 1633±119 1536±82 1530±212 1502±156
(mg sCOD L−1) Exp (P2) 2250±579 1640±121 1570±186 2318±540 2098±295
Effluent TAN Control (P1) 978±206 930±55 988±115 1149±113 1020±155
(mg N L−1) Exp (P2) 975±191 924±59 887±120 1023±98 868±127
Effluent Phosphate Control (P1) 61±34 30±19 34±12 24±18 61±43
(mg P L−1) Exp (P2) 58±32 28±12 35±14 37±30 26±17
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B.2 Theoretical methane yield (COD Balance)
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Figure B.1: Recorded methane yield compared to theoretical methane yield calculated based on COD
balance for SS and PM continuous lab-scale reactors during four operational phases
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Figure B.2: Comparison of degradable fractions of Sewage Sludge and Pig Manure feed at 37 and 15
°C. Percentage VS destroyed in Reactor taken from digestate sample during Phase IV on 20th August
2017 with OLR 1 g VS L−1 d−1. Residual degradable taken from VS measurement after 40 days of
digestate storage.
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Figure B.3: Comparison of biomethane potential for sewage sludge derived from batch BMP tests
and summation of specific methane potential derived from CSTR operations and residual methane of
digestate at 37, 25 and 15°C
Figure B.4: Comparison of biomethane potential for pig manure derived from batch BMP tests and
summation of specific methane potential derived from CSTR operations and residual methane of
digestate at 37, 25 and 15°C
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B.3 Nutrients
B.3.1 TAN and COD Removal
B.3.2 Ammonia Inhibition
The inhibition function is based on non-competitive inhibition and is the product of free ammonia
and ammonium ion inhibition as given in equation B.1. The empirically derived inhibition function
















Figure B.5: Relationship between COD Removal and fraction of TKN as TAN for SS system (A) and
PM System (B) whilst being operated at 37, 25 and 15 °C. The experimental data is represented by
coloured markers. The shade of the marker is indicative of the system operating temperatre at time
of sample with darker shades representing higher operating temperature. The solid line represents
equation of linear regression performed with P value of 1.9 e-18 and 6 e-6 for SS and PM systems
respectively. Figure (C) overlays the results for the sewage sludge (A) and pig manure (B) systems.
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Figure B.6: Relative Specific Methanogenic Activity at 37, 25 and 15 °C of inoculum sourced from
bench-scale anaerobic digesters operated at test temperature and fed with sewage sludge (A) or pig
manure (B). Experimental results illustrated in coloured markers are displayed with model results for
ammonia inhibition (solid line) and ammonium ion inhibition (dashed line).
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Figure B.7: Inhibitory concentration ranges for ammonia (A) and ammonium ion (B) for acetoclastic
methanogenesis in SS (blue) and PM (orange) AD systems operating at 15, 25 and 37 °C. The coloured
bars represent the concentration range between KIlower and KIupper for ammonia inhibition (A) and
ammonium ion inhibition (B). The KI values were calculated based on the Inhibition equation B.1 and
parameter estimation performed in R.
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B.4 Metals and Salts
Table B.3: Metal and salt concentrations in SS Feed, S1
control effluent and S2 experimental effluent whilst operating
at 37,25 and 15 °C
Phase Startup I II III IV
Temperature 37°C 37°C 25°C 15°C 15°C
OLR 1.5 1.5 1.5 1.5 1
Al 396.153 Feed 87±72 163±48 165±26 222±57 208±46
Control 141±8 183±39 155±22 175±24 214±21
Exp 143±6 154±22 152±12 169±36 218±49
As 193.696 Feed 0.0±0.0 0.0±0.0 4.0±3.0 0.1±0.2 0.0±0.0
Control 0.1±0.1 0.0±0.0 1.2±2.0 0.1±0.2 0.0±0.0
Exp 0.0±0.0 0.0±0.0 0.9±1.6 0.1±0.2 0.0±0.0
B 249.677 Feed 0.0±0.0 0.3±0.3 0.4±0.3 0.7±0.8 0.3±0.3
Control 0.2±0.3 0.4±0.1 0.5±0.2 0.8±0.2 0.6±0.2
Exp 0.2±0.2 0.3±0.1 0.2±0.1 0.3±0.1 0.7±0.3
Ba 233.527 Feed 4.6±0.6 4.6±0.4 4.6±0.4 5.2±0.7 5.2±0.8
Control 4.1±0.4 4.8±0 4.1±0.5 4.4±0.2 5.3±0.3
Exp 4.2±0.2 4.5±0.3 4±0.4 4.3±0.5 5.3±0.8
Ca 315.887 Feed 1044±488 507±56 504±69 646±63 590±101
Control 503±60 559±35 448±46 546±34 609±54
Exp 532±37 523±6 445±36 508±65 599±108
Cd 214.440 Feed 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0
Control 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0
Exp 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0
Co 228.616 Feed 0.1±0 0.2±0.1 0.5±0.5 0.7±0.6 1.5±1.7
Control 0.1±0 0.2±0 0.1±0 0.3±0.2 2±0.9
Exp 0.1±0 0.1±0 0.6±0.5 0.2±0 1.6±1.3
Cr 205.560 Feed 0.4±0.3 0.7±0.1 0.8±0.1 0.9±0.2 1.2±0.2
Control 0.7±0 0.8±0.1 0.7±0.1 0.8±0.1 1.1±0.2
Exp 0.7±0 0.7±0.1 0.9±0.3 1.5±0.7 2.5±1.1
Cu 324.752 Feed 11±4 13±1 14±2 15±2 15±1
Control 13±1 14±0 13±1 14±1 15±1
Exp 13±0 13±1 13±0 13±2 15±3
Fe 238.204 Feed 192±106 254±45 262±43 324±44 274±42
Control 215±27 282±32 240±5 281±12 304±20
Exp 223±16 251±30 242±6 268±39 303±62
K 766.490 Feed 420±128 214±20 268±29 279±8 236±15
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Control 250±16 254±18 261±30 294±11 251±32
Exp 249±10 250±14 259±31 289±8 250±32
Mg 285.213 Feed 344±63 208±18 238±19 258±15 296±120
Control 141±124 255±140 115±31 144±29 128±9
Exp 154±67 183±52 153±35 189±32 175±57
Mn 257.610 Feed 12.4±9.6 4.3±0.4 4.3±0.9 4.6±0.4 4.8±0.7
Control 3.5±0.5 4.6±0.3 4.2±1.9 3.8±0.1 4.4±0.3
Exp 3.6±0.3 4.1±0.4 4.2±2 3.6±0.2 4.3±0.8
Mo 203.845 Feed 0.6±0.3 0.9±0.2 0.7±0.1 0.9±0.1 0.8±0.2
Control 0.7±0 0.9±0.3 0.7±0.2 0.8±0.1 0.9±0.2
Exp 0.7±0.1 0.8±0.1 0.7±0.1 0.7±0.1 0.9±0.2
Na 589.592 Feed 373±112 276±31 401±36 389±51 347±66
Control 378±21 381±25 394±36 449±26 377±60
Exp 390±26 356±8 390±36 443±31 376±59
Ni 231.604 Feed 0.4±0.4 0.7±0.2 1±0.4 1.2±0.3 1.6±0.9
Control 0.6±0.1 0.8±0.1 0.8±0.2 0.9±0.1 1.9±0.5
Exp 0.7±0 0.7±0.1 1.1±0.6 1.1±0.3 2.2±0.5
P 214.914 Feed 1027±134 691±68 753±62 629±317 549±317
Control 609±193 788±209 578±27 651±46 605±37
Exp 629±102 675±85 618±51 687±36 657±110
Pb 217.000 Feed 0.8±0.7 1.3±0.3 1.4±0.3 1.8±0.4 1.6±0.3
Control 1.2±0.5 1.7±0.3 1.2±0.1 1.6±0.2 2±0.3
Exp 1.1±0.3 1.3±0.2 1.4±0.1 1.4±0.1 1.8±0.4
S 181.975 Feed 259±84 292±31 330±38 331±34 355±80
Control 211±24 266±33 245±14 262±28 307±78
Exp 223±20 249±16 257±17 278±61 336±88
Se 196.026 Feed 0.1±0.1 0.1±0.1 0±0.1 0±0 0.1±0.1
Control 0.1±0.1 0.1±0.1 0.1±0.1 0±0 0±0.1
Exp 0±0.1 0.1±0.2 0±0.1 0.1±0.1 0.1±0.2
Zn 206.200 Feed 26±9 18±2 18±3 21±4 21±4
Control 16±1 18±1 16±0 18±1 22±2
Exp 17±1 17±1 16±1 17±3 22±4
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Table B.4: Metal and salt concentrations in PM Feed, P1
control effluent and P2 experimental effluent whilst operating
at 37,25 and 15 °C
Phase Start-up I II III IV
Temperature 37°C 37°C 25°C 15°C 15°C
OLR 1.5 1.5 1.5 1.5 1
Al 396.153 Feed 3±3 17±3 17±1 29±16 21±25
Control 2±2 15±6 18±1 30±17 22±12
Exp 5±5 18±9 22±2 29±16 43±39
As 193.696 Feed 0.1±0.1 0.5±1.1 0.9±1.3 0.1±0.1 0±0
Control 0±0 0±0 0.5±0.8 0.2±0.2 0±0
Exp 0±0 0±0 0.6±0.9 0.1±0.1 0±0
B 249.677 Feed 0.2±0.3 0.4±0.3 0.3±0.2 0.1±0.1 0.1±0.1
Control 0.4±0.3 0.3±0 0.3±0.1 0.4±0.2 0.2±0.1
Exp 0.3±0.2 0.2±0 0.2±0.1 0.4±0.2 0.2±0.2
Ba 233.527 Feed 3.2±1.1 11±14.1 27.4±16.9 2.9±0.5 3±1.4
Control 1.5±1.2 4.1±0.6 22.3±17 5.6±1.9 3±0.6
Exp 2.5±1 4.6±0.1 32.9±7.3 6.1±1.2 3.8±1.2
Ca 315.887 Feed 1393±488 1733±152 1642±25 1578±258 1738±495
Control 671±512 1788±307 1516±48 1456±114 1569±242
Exp 1055±408 1938±149 1595±64 1479±92 2109±589
Cd 214.440 Feed 0±0 0±0 0±0 0±0 0±0
Control 0±0 0±0 0±0 0±0 0±0
Exp 0±0 0±0 0±0 0±0 0±0
Co 228.616 Feed 0.1±0 0.1±0 0.1±0 0.3±0.2 0.2±0.2
Control 0.1±0 0.1±0 0.1±0 0.4±0.2 1.2±0.7
Exp 0.1±0 0.1±0 0.1±0 0.3±0.2 1.4±0.8
Cr 205.560 Feed 0±0 0.1±0 0.1±0 0.1±0 0±0
Control 0.1±0.2 0.1±0 0.1±0 0.1±0 0.1±0
Exp 0.2±0.2 0.1±0 0.1±0 0.2±0.1 0.1±0.1
Cu 324.752 Feed 5±2 6±1 5±0 6±1 4±0
Control 3±1 6±1 6±0 6±0 4±1
Exp 4±1 7±0 6±0 6±0 5±1
Fe 238.204 Feed 60±22 58±6 54±2 68±15 49±8
Control 43±27 63±5 52±3 66±8 53±7
Exp 54±19 64±0 55±2 64±9 66±16
K 766.490 Feed 690±350 706±84 717±43 744±115 675±153
Control 1668±634 748±68 771±12 801±13 726±32
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Exp 1195±502 700±4 782±26 763±46 753±72
Mg 285.213 Feed 341±111 415±58 349±31 487±99 533±152
Control 203±84 420±96 328±59 400±34 248±110
Exp 311±99 457±8 363±165 326±49 530±320
Mn 257.610 Feed 20.5±6.9 20.5±1.8 19.8±0.9 29.8±8.2 27.2±14.3
Control 10.9±6.5 22.6±2 19.1±1 28.1±2.3 24.3±5.9
Exp 16±5.2 22.9±1.9 20.1±0.8 27.6±2.2 30.8±13
Mo 203.845 Feed 0.1±0 0.2±0 0.2±0 0.1±0 0.1±0
Control 0.1±0 0.2±0 0.2±0 0.1±0 0.1±0
Exp 0.1±0.1 0.2±0.1 0.2±0 0.1±0 0.2±0
Na 589.592 Feed 360±274 274±31 239±17 286±49 320±76
Control 1178±522 367±71 269±19 314±4 329±45
Exp 785±423 328±26 275±30 298±13 343±38
Ni 231.604 Feed 0.1±0 0.1±0 0.1±0 0.3±0.1 0.2±0.2
Control 0.1±0 0.1±0 0.1±0 0.3±0.1 0.8±0.4
Exp 0.5±0.9 0.1±0 0.1±0 0.3±0.1 0.9±0.5
P 214.914 Feed 1016±347 1239±70 1210±26 924±561 1559±451
Control 615±276 1223±177 1100±30 1104±81 1106±132
Exp 885±246 1294±10 1201±188 991±64 1789±709
Pb 217.000 Feed 0.1±0.1 0±0.1 0±0 0.1±0.1 0±0
Control 0.1±0.1 0±0 0.1±0.1 0.1±0.1 0±0.1
Exp 0.1±0.1 0±0 0±0 0.1±0.1 0±0
S 181.975 Feed 117±46 145±17 143±20 190±27 184±47
Control 94±8 101±11 109±7 128±14 116±10
Exp 96±7 109±11 122±6 128±21 149±28
Se 196.026 Feed 0.1±0.1 0.2±0.2 0.2±0.1 0.1±0.1 0.1±0.1
Control 0.1±0.1 0.1±0.1 0.1±0.2 0.1±0.1 0.1±0.1
Exp 0.1±0.1 0.1±0.2 0±0 0.2±0.1 0.1±0.1
Zn 206.200 Feed 32±10 31±3 30±3 36±8 39±12
Control 20±9 35±2 31±3 37±2 39±7
Exp 27±6 35±2 33±2 35±3 42±7
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B.5 Temperature dependency of km
Figure B.8: Temperature dependency of metabolic kinetics for hydrolysis, acidogenesis, acetogenesis
and methanogenesis in the temperature range 15-37 °C for Sewage Sludge and Pig Manure Anaerobic
Systems
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B.6 ADM1 parameter fitting
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Figure B.9: Activity Profile in ADM1 based on effective km* for each of the metabolic process
steps. km* measured in [gCODsgCOD−1x d−1] was derived from the default parameters in ADM1(km),
inhibition factors (I) and biomass concentration estimates for the respective species responsible for the
metabolic process(Xi).
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Figure B.10: Batch Activty Test simulations conducted in ADM1 based on default km values for each
of the metabolic process steps. The model simulations are given by the solid line and markers depict
the experimental results from batch activity assays conducted on Day 183 for the control S1 reactor.
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Figure B.11: Batch Activty Test simulations for representative metabolic process steps with fitted
parameters in ADM1. Parameter estimation was conducted in ADM1 and based on experimental
data derived from activity assays conducted on day 183 with S1 inoculum and illustrated as circular
markers.
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Figure B.12: Results of ADM1 simulation of S2 using adjusted km values with temperature and default
kdecay values (ie. assuming no impact of temperature on kdecay).
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Table B.6: Normalised Root Mean Square Error (NRMSE) for ADM1 model compared to Sewage
sludge control(S1) experimental data
Phase I Phase II Phase III Phase IV
Fraction of VS destroyed 64.6 68.7 93.1 80.4
Biogas Production 201.4 229.4 115.4 222.4
TS 219.4 311 281.3 231.7
VS 159.7 304 154.8 139.3
TCOD 128.7 515.6 201.8 168.5
sCOD 3445.2 5994.5 5895.2 8344.8
Acetate Concentration 144.1 126.6 204.7 107.4
Propionate Concentration 135.8 266.9 259.9 239.8
TAN 145.3 395.5 228.8 117
Table B.7: Normalised Root Mean Square Error (NRMSE) for modified ADM1 model compared to
experimental data from Sewage sludge experimental reactor(S2)
Phase I Phase II Phase III Phase IV
Fraction of VS destroyed 215.5 198.6 163.4 149.4
Biogas Production 234.9 123.5 139.6 99.4
TS 167.1 165.2 156 166.5
VS 199.9 150.3 168 189.1
TCOD 145.9 110.2 105.9 159.6
sCOD 564.5 1261.1 514.4 619.7
Acetate Concentration 192.3 127 200.9 307.4
Propionate Concentration 217.3 680.2 120.5 231.9
TAN 148.8 116.2 131 146.9
Table B.8: Normalised Root Mean Square Error (NRMSE) for modified ADM1 model compared to
experimental data from Pig Manure control reactor(P1)
Phase I Phase II Phase III Phase IV
Fraction of VS destroyed 236.5 176 154.1 168.1
Biogas Production 135.4 109.3 89.1 125.2
TS 130.8 123.5 97.3 84.6
VS 208.4 142.1 101.1 121.3
TCOD 205.7 132.9 127 125.7
sCOD 107.7 105.1 102.1 113.7
Acetate Concentration 112.9 108.9 132.3 132.4
Propionate Concentration 115 98.8 125.6 105.3
TAN 241.2 162.4 111.5 162.8
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Table B.9: Normalised Root Mean Square Error (NRMSE) for modified ADM1 model compared to
experimental data from Pig Manure experimental reactor(P2)
Phase I Phase II Phase III Phase IV
Fraction of VS destroyed 210.1 134 117.4 177.1
Biogas Production 108 106.5 129.8 105.4
TS 100 105.1 102.3 87.5
VS 108.2 125.1 102.6 110.2
TCOD 196.4 122.6 124.9 206.4
sCOD 108.3 118.1 140.8 117.2
Acetate Concentration 90.4 121.1 107 102.7
Propionate Concentration 97.5 105.8 162.9 120.2
TAN 250.3 202.3 132.3 205.8
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C.1 Alpha Diversity, qPCR and Shared ASVs
Table C.1: qPCR results: Average 16S copy number *10−6 per ul sample for SS and PM system Feed
and Effluent streams
Average 16S copy number * 10−6 per ul sample
SS System PM System
Feed 319 25
Effluent S1 Control S2 EXP P1 Control P2 EXP
Phase I 428 1194 1921 3187
Phase II 587 ± 379 154 ± 73 706 ± 353 787 ± 102
Phase IV 399 ± 71 278 ± 178 408 ± 88 355 ± 79
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Figure C.2: Statistical correlation demonstrating variance within biological replicates is significantly
less than variance measured between different microbial samples for the SS and PM system at 37,25
and 15°C
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C.2 Quantification of methanogenic pathways
A direct in-situ approach for quantification of methanogenic pathways involves direct analysis of stable
isotopic signatures from gas samples at natural abundance levels using gas chromatography isotope
ratio mass spectrometry (GC-IRMS) [56].
Methane is produced primarily by two different reactions
(i) reduction of CO2 with H2 (HM)
(ii) cleavage of methyl group of acetate(AM)
The methanogenic pathway defines the isotopic fractionation that occurs during methanogenesis. Low
fractionation (ie High δ13CH4) occurs during the cleavage of the methyl group of acetate to form
methane, whereas high fractionation (Low δ13CH4) occurs during the reduction of CO2 with H2 to
form methane. Carbon isotope values are expressed as ratios of heavy ( δ13C) to light (δ12C) isotopes
in units of ‰relative to the V-PDB standard (Pee Dee belemnite carbonate, as established in the








Where R is the 13C / 12C ratio. Based on the fact that there are two primary pathways for methane
formation, the isotopic signature of produced methane (δCH4) can be calculated by the following
equation
δCH4 = fmcδmc+(1− fmc)δma (C.2)
Where fmc is the fraction of CH4 produced through HM and (1- fmc) is the fraction of CH4 produced
through AM. δma is acetate-derived CH4 and δmc is CO2-derived CH4.
The values of δma and δmc can be determined from measured variables (δCO2 and δac). The equations
relating to the fractionation factors of hydrogenotrophic and acetoclastic methanogenesis are given
below








Where αmc and αma are the fractionation factors from HM and AM respectively. In mixed cultures, the
variation in fractionation factors is considerably large with 1.007-1.030 for AM [57] and 1.055-1.085
for HM [263, 264].
H isotope fingerprinting has also been used to quantify methanogenic pathways comparing the H
isotopes in methane and water. In acetoclastic methanogenesis(AM), three of the four hydrogen atoms
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are transferred from the acetate methyl group, whereas in hydrogenotrophic methanogenes (HM)is all
four hydrogen atoms are derived from the water molecule [197, 265]. H2 rapidly equilibriates with
water and the net isotope effect from incorporating four hydrogen atoms from H2 into methane during
HM is approximately 160‰ [7, 197, 198]. Hydrogen isotope values are expressed as ratios of heavy
( δD) to light (δH) isotopes in units of ‰relative to the VSMOW standard (Vienna Standard Mean








Where R is the 2H / 1H ratio.
AM and HM methanogenic pathways provide different H isotope signatures (ie difference between
hydrogen isotope δD between water and methane (δD-H2O-δD-CH4). Methane derived from AM
produces a more negative δD-CH4 value compared to methane from HM [265]. Empirical relationships
have guided hydrogen isotope fingerprinting, however uncertainty still surrounds how the fourth H
atom is incorporated into methane during AM. With current knowledge the assumed negativity of the
δD value of this fourth H atom is unreasonable [265]. Whiticar et al [7] assigned slopes to HM and
AM on a plot of δD-H2O vs δD-CH4 and proposed the following equation to quantify the fraction
associated with each pathway.





HM : δDCH4 = δDH2O−160 (C.7)
AM : δDCH4 = 0.25δDH2O−377 (C.8)









Based on the C and H isotope data given in Table C.2 and equations C.8-C.9, the fraction of
methane produced via AM and HM in the SS and PM systems at 37, 25 and 15°C are given in Table
C.3
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Table C.2: C and H isotope values for SS and PM systems at 37,25 and 15°C
Gas Water Alpha
System T δ13C-CH4 VPDB δ13C-CO2 VPDB δ2HVSMOW δ2HVSMOW αmc αD
(°C) (‰) (‰) (‰) (‰)
SS 1 37 -50.9 6.7 -322 -0.17 1.061 1.47
25 -49.6 4.9 -314 0.27 1.057 1.46
2 37 -54.3 6.5 -328 -2.77 1.064 1.48
15 -46.2 -0.1 -327 -3.68 1.048 1.48
3 37 -50.1 6.8 1.060
15 -46.2 1.8 1.050
PM 1 37 -49.8 3.6 -322 4.17 1.056 1.48
25 -49.3 2.7 -322 3.97 1.055 1.48
2 37 -51.5 2 -321 2.45 1.056 1.48
15 -46.1 -1.8 -325 0.37 1.046 1.48
3 37 -49.8 3.2 1.056
15 -47.2 -1.3 1.048
Table C.3: Fraction of CH4 produced via AM and HM pathways based on H isotope signature in CH4
and water
System Sample time point Temperature f (AM) f (HM)
SS 1 37°C 0.75±0.07 0.25±0.07
25°C 0.71±0.07 0.29±0.07
2 37°C 0.77±0.08 0.23±0.08
15°C 0.76±0.08 0.24±0.08
PM 1 37°C 0.75±0.07 0.25±0.07
25°C 0.75±0.07 0.25±0.07
2 37°C 0.75±0.07 0.25±0.07
15°C 0.76±0.07 0.24±0.07
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Figure C.3: Plot of Carbon and Hydrogen isotope ratios of methane from biogas samples in the SS and
PM systems whilst operated at 37, 25 and 15°C at three separate time points. Colours correspond to the
System and operating temperature. Field marked Acetoclastic and Hydrogenotrophic were modified
from Whiticar et al [7]
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C.3 Thermodynamics Calculations
The standard Gibbs free energy for reactions involved in anaerobic digestion were calculated based on
equation using literature values for gibbs free energy of formation and enthalpy of formation detailed
in Table.
∆rG° =∑n∆G f °products−∑m∆G f °reactants (C.10)
∆G = ∆G°+RT ln(Q f ) (C.11)






At equilibrium, ∆ G = 0, and Qf = K, so the equation becomes
∆G° =−RT ln(K) (C.13)
where K is the equilibrium constant.
The enthalpy of the reaction was calculated as per the following equation using the literature-derived
enthalpy of formation values given in Table.
∆rH =∑n∆H f ,products−∑m∆H f ,reactants (C.14)
















R (gas constant) = 0.008314 kJ/mol K /newline Ideal Gas law was used to convert partial pressures







R (gas constant) = 0.0821 atm L/mol K
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C.4 Microorganism abundance-function statistical correlations
C.4. MICROORGANISM ABUNDANCE-FUNCTION STATISTICAL CORRELATIONS 291
Figure C.7: Part 1: Correlation maps displaying taxa that showed a significant correlation with at
least one metabolic rate. Correlation is based on generalised linear model using rarefied raw counts
with negative binomial distribution vs km metabolic rates with correction for confounding factors of
feedstock and time. Colour represents positive correlations, black represents negative correlations with
taxa abundnance. Colour intensity represents the strength of correlation. Numbered cells indicate Log
fold change of taxa for those correlations that were significant (Bold, P<0.01, Italic P<0.05)
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Figure C.8: Part 2: Correlation maps displaying taxa that showed a significant correlation with at
least one metabolic rate. Correlation is based on generalised linear model using rarefied raw counts
with negative binomial distribution vs km metabolic rates with correction for confounding factors of
feedstock and time. Colour represents positive correlations, black represents negative correlations with
taxa abundnance. Colour intensity represents the strength of correlation. Numbered cells indicate Log
fold change of taxa for those correlations that were significant (Bold, P<0.01, Italic P<0.05)
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C.5 Gas Solubility
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298 APPENDIX D. SUPPLEMENTARY MATERIAL FOR CHAPTER 7
D.1 VFA Profiles for co-digestion BMPs
https://www.overleaf.com/project/5cb28b9ec1cb533d0f39590e
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311
312 APPENDIX E. SUPPLEMENTARY MATERIAL FOR CHAPTER 8
E.1 Glycerol co-digestion BMP
Figure E.1: Cumulative methane production for co-digestion of cattle slaughterhouse wastewater
codigested with increasing amounts of glycerol. The inoculum was adapted to the base substrate
(SHW) and sourced from an abattoir lagoon. Cumulative methane is normalised by VS of base
substrate (SHW) added.
E.1. GLYCEROL CO-DIGESTION BMP 313
Figure E.2: Relationship between maximum glycerol loading and proposed influential factors: Base
substrate degradable COD load (Figure A), Propionate degradation kinetics (Figure B), Base sub-
strate digestion kinetics (Figure C), Glycerol fermentation kinetics (Figure D), Total glycerol COD
concentration (Figure E) and System alkalinity (Figure F).

Go placidly amid the noise and the haste, and remember what peace there may be in silence. As far as possible,
without surrender, be on good terms with all persons. Speak your truth quietly and clearly; and listen to others,
even to the dull and the ignorant; they too have their story. Avoid loud and aggressive persons; they are
vexatious to the spirit. If you compare yourself with others, you may become vain or bitter, for always there will
be greater and lesser persons than yourself. Enjoy your achievements as well as your plans. Keep interested in
your own career, however humble; it is a real possession in the changing fortunes of time. Exercise caution in
your business affairs, for the world is full of trickery. But let this not blind you to what virtue there is; many
persons strive for high ideals, and everywhere life is full of heroism. Be yourself. Especially do not feign
affection. Neither be cynical about love; for in the face of all aridity and disenchantment, it is as perennial as
the grass. Take kindly the counsel of the years, gracefully surrendering the things of youth.Nurture strength of
spirit to shield you in sudden misfortune. But do not distress yourself with dark imaginings. Many fears are born
of fatigue and loneliness. Beyond a wholesome discipline, be gentle with yourself. You are a child of the
universe no less than the trees and the stars; you have a right to be here.And whether or not it is clear to you, no
doubt the universe is unfolding as it should. Therefore be at peace with God, whatever you conceive Him to be.
And whatever your labors and aspirations, in the noisy confusion of life, keep peace in your soul. With all its
sham, drudgery and broken dreams, it is still a beautiful world. Be cheerful. Strive to be happy.
Max Ehrmann
Desiderata
